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ABSTRACT 


The structure of the flow past a blunt trailing edge airfoil is 
of considerable interest, both from the point of view of practical 
application and fund£unental under steuiding. The boundary layer on such 
an airfoil separates at the blunt trailing edge and generates a well 
organized structure in the wedce. This facilitates a convenient exper- 
mental study. An experimental investigation is thus undertaken to study 
some features of such flow. This report presents the e]q>eriments 
undertaken, the results obtained and discusses their implications. 

Experiments with a truncated and untruncated airfoils of profiles 
NACA 640A10, are carried out in subsonic wind tunnels in a velocity remge 
of 19m/s to 54m/s corresponding to Reynolds numbers of 2.0 x 10^ to 
4.68 X 10^ based on the chord. Airfoil spanned the test section to 
achieve two-dimensionality of the model. Velocity measurements both 
mean ^md fluctuating, pressure measurements, both static and fluctuating 
and vortex shedding in the wfdce are measured using a hotwire and pressure 
transducers . 

The measured chordwise static pressure distribution on the smooth 
trailing edge airfoil along the midspan plane, agreed with the theoretical 
results calculated on the basis of the potential flow for that airfoil. 
Boundary layer profiles measured in the midsp^m pletne, behind the meoc- 
imum thickness of the airfoil showed no separation of the flow. Spanwise 
distribution of the measured static pressure on the upper surface of the 
airfoil showed uniformity for both configurations with and without the 
boundary layer trip. This uniformity of pressure distribution and 
separation indicates that the flow on the airfoil was uniform and two- 
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dimensional in character 


Chordwise static pressure distribution of the blunt trailing edge 
airfoil agreed with that for a smooth trailing edge airfoil except at the 
vicinity of the trailing edge. The boundary layer profiles in the mid- 
span plane showed no separation as in the case of the smooth trailing 
edge airfoil. The spanwise distribution of the static pressure with 
tripped boundary layer i was found to be uniform on the upper surface of 
the airfoil. But the spanwise distribution of the static pressure for 
an untripped boundary layer configuration was found to be nonuniform as 
the trailing edge was approached. The base pressure distribution was 
not uniform in the spanwise direction for either of the configurations 
(tripped or untripped) of the airfoil. 

No discrete frequency fluctuations are observed in the wake of the 
smooth trailing edge airfoil. Vortex shedding occurs behind blunt trailing 
edge airfoils. The characteristic vortex shedding frequency varJ ad 
linearly with velocity. The values of the shedding frequency in the case 
of the tripped boundary layer were lower them those in the case of the 
untripped boundary layer. The shedding frequency of a circular cylinder, 
of diameter equal to the thickness of the airfoil trailing edge, was found 
to lie between the frequencies measured in the cases of the tripped and 
untripped boundary layer cosifigurations. Although the intensity (RMS) of 
the )sase fluctuating pressure showed negligable variation in the span- 
wise direction, cross-correlations indicate spanwise phase variation in 
the base pressure. 
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I INTRODUCTION 


The structure of the flow past a blunt trailing edge airfoil is 
of considerable interest, both from the point of view of practical 
application and fundamental under steuiding. The boundeury layer on such 
an airfoil separates at the blunt trailing edge and generates a well 
organized structure in the wake. This facilitates a convenient exper- 
mental study. An experimental investigation is thus undertaken to study 
some features of such flow. 

The farfield radiated noise from such an airfoil has discrete 
structure due to vortex shedding in the wake besides broad band back- 
ground due to turbulence. The flow structure in the region near the 
trailing edge is believed to play the central role in the generation 
of this noise. Investigations of such noise were based either on cui 
analytic model of a semi-infinite rigid plate with wake, in a uniform 
two-dimensional flow or on eui experimental model of a two-dimensional 
finite body with a wake in a uniform flow field. 

Davis (1975) developed a model for discrete noise generated by 
an airfoil using a simi-infinite flat plate with discrete vortex wake 
in the uniform flow. Davis was ed^le to show agreement between his the- 
orectical far field directivity pattern and that measured for a blunt 
trailing edge airfoil. He also discussed the importance of knowing the 
precise trailing edge flow conditions. 

The blunt base flat plate or an airfoil was the subject of many 
investigaions in the past with an emphasis on reducing the base pressure 
drag by modifying the blunt trailing edge flow. All these experimental 
investigations wore carried out with two-dimensional models in uniform 
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flow and the spanwise variations were ignored. 

Experiments with a truncated and untruncated airfoils of profiles 
NAXA 640A10, are carried out in subsonic wind tunnesl in a velocity range 
of 19m/s to 54m/s corresponding to Reynolds numbers of 2.0 x 10^ to 
4.68 X 10^ based on the chord. Airfoil spanned the test section to 
achieve two-dimensionality of the model. Velocity measurements, both 
mean and fluctuating, pressure measurements, both static emd fluctuating 
and vortex shedding in the wake are measured using a hotwire and pressure 
transducers. 

In Chapter II, the nature of the problem emd the resume of the 
related past studies are described. Chapter III gives the description 
of the experimental setup, measurement techniques and the results obtained 
in the initial investigation. Chapter IV describes the experimental 
setup fur the subsequent investigations. Chapter V describes near flow 
field measurements and results of subsequent investigations. Chapter VI 
summarizes results and discusses their inplications. 
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II NATURE AND BACKGROUND OF THE PROBLEM 


As mentioned in the introduction, understanding the near wake 
field of an isolated airfoil with a blunt trailing edge in uniform 
flow was the motivation for the present investigations. In this 
chapter the nature of the problem, along with the parameters and factors 
that govern the flow field are discussed. A brief survey of past work 
relating to the study is also presented. 

II. 1 Features and Par^uneters of the Problem 

In the subsonic flow region, flow past a blunt trailing edge air- 
foil is accoinpeuiied by discrete vortex shedding and consequently the 
surface pressure fluctuations are characterized by discrete frequency 
spectra. Basic features, in particular, the characteristics of the 
near wake field consisting of both mean and fluctuating quantities, 
are of interest. 

The parameters and the factors governing the flow field of a 
blunt trailing edge airfoil are listed below (also shown in the sketch) 

a) Geometrical Characteristic of the airfoil consisting of 
chord (c) , maximum thickness (t) , thickness of the trailing 
edge (d) , span (2s) and profile of the airfoil. 

b) Geometrical parameters, such as the wind tunnel teat section 
dimensions and the experimental set up depicting the relative 

disposition of the model in the tuiiiiel. 

c) Angle of attack of the airfoil (a) 
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d) Uniformity of the Inflow such as the mean velocity, emd 
the spatial uniformity of the turbulence intensity i.e. 

RMS values. 

e) Reynolds number of the model. Re « ^ 

f) Mach number of the flow, M ■■ U/a 

Next, the features that characterize the near flow field of 
the blunt trailing edge airfoil are given below: 

a) Mean properties of the pressure field of the airfoil such as the 
surface static pressure distribution and the mean base pressure 
distribution are required properties. The fluctuating field is 
characterized by the frequency spectrum, the intensity of the 
fluctuations and their spatial correlations. 

b) The nature of the boundary layer on the surface of the airfoil, 
vdiether it is laminar or turbulent, and its characteristics 
like the displacement thickness (6^) and the momentum thickness 
(6) at the trailing edge are needed. The measurement of the 
boundary layer at various spanwise locations will aid the 
understanding of the trailing edge flow. 
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c) Similarly, velocity profiles, both mean and fluctuating, in the 
W20ie of the airfoil, also characterize the near flow field. The 
correlations and the frequency spectra of the fluctuating velocity 
in the weUce are essential. 

If the sound field, either the far field or near field, is to 
be investigated, then the appropriate parameters pertaining to the 
acoustic field such as the acoustic directivity pattern need to be 
added to the above. 

Before discussing the ejq)eriment and its results, a brief review 
of the work on the flow field of a blunt trailing edge airfoil will 
be discussed. 

II. 2 Review of work on the Flow Past a Bliuit Based Two-Dimensional Body 
As stated before, both mean and fluctuating quantities in the 
near flow field are of interest. Though the forebody of the airfoil 
is streamlined, the blunt trailing edge generates a wedce flow which 
is characteristic of a bluff body. References that discuss general 
concepts of a bluff body flow were included in the bibliography. 

Features of the flow past a streamlined two-dimensional body with 
a blunt trailing edge that were investigated are the base drag emd 
some characteristics of the waUce. Investigations of the base drag 
dealt with changing the trailing edge config\iration to reduce the 
base drag. A selective bibliography of the work on this aspect is 
given at the end of the report. 
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Nash and his co-workers (1962, 1963, and 1964) have sumnarlzed 
the %fork<done before 1963, brir.tging Inco focus the features of the 
base flow. In their es^rinental investigations of a flat plate, with a 
sharp leading edge, for flow Mach number edx>ve 0.2, they found uniform 
meeui base pressure in the spanwise direction . The angle of incidence 
created an asymmetric base pressure distribution in the direction 
perpendicular to the flat plate. 

Typical variations of the meeui base pressure upstream of a blunt 
trailing edge were measured on eui airfoil by Bellhouse and Lindley (1965) , 
Maull (1966) and Lawrance and Lindley (1974) and recently on an elliptic 

nosed flat plate by Blake (1975) . All these investigations were con- 
ducted with a tripped boundary layer for various trailing edge thick- 
nesses. It was found that there was no noticeable V2u:iation in 
the mean pressure distribution in the chordwise direction at the 
midspan, except very close to the trailing edge. 

The spanwise Vcuriation of base pressure should be accoopeuiied 
by corresponding features in the spanwise structure of the ne 2 u: wake, 
emd the variation is not only a function of base height but also 
depends on the chord and the end conditions. Bearman (1965), in his 
ei^rimented. investigations of an elliptic-nosed flat plate, found 
that the end wall effects propagated across the tunnel and he recommeneded 
the usage of end plates to reduce this influence. Nash (1963 and 
Blake (1975) reported uniform spwwise base pressure for a similar 
model. Teumer (1974) investigating various modifications of the 
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trailing edge profiles of an airfoil, found pronounced apanwlae non- 
unlfomitles In the meaaxired base pressure. Simmons (1975) and 
Prasad and Gupta (1977) reported uniform base pressure In the span- 
wise direction for flow past wedges emd cylinders. 

Blake (1975) measured imlform BHS values of the flucttuitlng 
pressures In the spanwise direction near the blunt trailing edge with 
his elliptic nosed flat plate model spanning the test section. Blake 
assumed that the uniformity of the RMS values of the fluctuating 
pressures over a span of 8 Inches, situated about the midspan. Is an 
Indication of uniformity In the spanwise direction (l.e. two-dlmenslon- 
allty) . Bearman (1965) , measuring the vortex streamwlse separation 
distance behind a blunt trailing edge flat plate, reported that the 
steadiest Llssajou flg'jres could only be constructed when both hot 
wires In the wake were in the sasi^ spanwise plane. Sato and Kurlkl 
(1961) found phase variation along the span. In the fundamental of the 
axial fluctuating velocity In the w^lke. They attributed this varia- 
tion to the changes In the flat plate thickness In the spanwise direc- 
tion. Ghram (1969) Investigating the effect of aspect ratio based on 
the base height (span/base height) on the vortex street behind a thick 
flat plate with blunt trailing edge, found almost constant spanwise 
spatial correlation of the fluctuating axial velocity In the wake for 
the aspect ratio of 4 or less, which Is similar to the work of Keefe 
(1961) for a circular cylinder. 
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Another feature of the blunt based body in the subsonic flow is 
the vortex shedding frequency, nie vortex shedding frequency was 
usually reported as a Strouhal nnnber defined as 


St- ft/U 


(XX. 2.1) 


and the variation of the vortex shedding frequency with the Reynolds 
number based on the chord, for some of the Investigations reported, 
is shown in figure XX. 1. Results of Bauer (1961), Nash (1963), 

Parker (1966), Bearman (1967), Ghram (1969) and Blake (1975) with 
an elleptic nose flat plate with different trailing edge thicJcness 

are shown in figure XX. 1. Measurements of Davis (1975) with a NACA>64A006 
airfoil, Lawrance and Lindley (1974) with a "C4" airfoil, were also 
shown in the figure. Both airfoils were truncated at 80% of the 

true chord, ibe Strouhal number for these experimental investigations 
veried between 0.18 to 0.26 corresponding to a range of the Reynolds 
number from 1 x 10® to 1 x 10®. 

Using the axial separation distance (dj) between the two vortices at 
the vortex formation region as the characteristic length and using the 
separaUon velocity (U^) as defined by Roshko (1954) as the character- 
istic velocity, Bearman (1961) defined a new Strouhal number as 
fd. 


m » 


0 . 


(XX. 2. 2) 


where 
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m uirwjtn was sbls to schiavs a constant Strouhal nuHber (St^) of 0.161 
for various sndals, whan plottad against tha asasurad basa prassura 
coafflclant (Q?.,). Slssscm (1975) supportad tha usaga of tha Strouhal 
nus6>ar doflnad by Baannan but shouad that tha basa prasauras havs to 
ba oorractad for tha blockaga affact of tha wind tunnal. 

Hanson (1970) and Blaka (1975) found that the wake womntm thick- 
ness to ba a batter characteristic length than vortex separation distance 

for thalr axparlmental Investigations. 

Blake (1975) found that the correlation between fluctuating pres- 
sures measured at t%io oolnts separated by a spanwlse distance of r^ 
near the blunt trailing edge, behaved like a cosine function l.e. 

A cos ( 0 ) T where the (a Is the radian shedding frequency. 

Tha ang>lltuda "A” and the phase angle slowly varying 

functions of time and the maximum correlation was produced for a time 
delay of x • ♦/w . Blake also showed that the phase angle could 
be related to the angle o of the vortex filament with the trailing 
edge, similar to the angle of oblique vortex shedding behind the 
cylinder in the low Reynolds number region . The relationship between 
the two angles, l.e. ♦ and a, is given as 

d ■ (u r tana/U.) (11.2.3) 

S X s 

Blake deduced that for a velocity (U.) of 100 ft/sec, with his flat 
plate model the angle a varied up to 17”. 

From the above mentioned Investigations It could be deduced that 
a possibility for three-dimensionality In the near wa)ce flow of the 
blunt trailing edge body exists, irregularities In both body and flow 
conditions may contribute to the three-dlmenslonallty of the flow. 
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XI7 INITIAL INVESTIGATIONS OF A BLtfflT TNAILING EDGE AIRFOIL 


Th« farfittld acoustic directivity pattern of a blunt trailing 
edge airfoil with a discrete vortex wake was investigated by Davis (1975) . 

To coeplinsi^t the investigation of Davis and to extend the understand- 
ing of the trailing edge flow region* a preliminary experimental investiga- 
tion of the near field of a synnetric airfoil with a blunt trailing edge 
was undertaken. The measurement of the near wake velocity profiles and 
the fluctuating surface pressures and the analysis of these near field 
properties formed the essential part of this investigation. Correlations 
of the fluctuating pressures along the chord wise direction and along 
the spaxiwise direction provide information regarding the characteristics 
of the fluctuating pressure field of the airfoil. The preliminary 
ei^riment data was recorded by Koutsoyannis and Davis in the NASA-Ames 

25 X 35cm quiet wind tunnel. The reproducibility of the preliminary ejq>eri- 
mental data was established in the initial investigations. In the following 

subsections, the eiqwrimental setup and the results of the initial 
investigation are presented. 

XII.l Airfoil Model and E>q>erimsntal Setup 

A synnetric airfoil, NACA 640A010, was used as the ekperimental 
model. The airfoil was constructed out of aluminum with a chord of 
15.2cm, which was later truncated at 65% of the chord. The chord 
(c) of the truncated Alrf.'oil was 13cm, and the truncated trailing edge 
thickness (d) was msasxired to be 0.45cm. The airfoil boundary layer 

separated at the blunt trailing edge and generated a regular, well 
definable vortex street behind the airfoil. 
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Kulit* tranaduc«rs« with a sanaing araa of 0.33c» dianatar, wara 

choaan for tha naaauranant of tha fluctuating aurfaca prasauraa. Tha 

tranadueara %f^ra inbaddad in tha uppar aurfaca of tha airfoil and in tha 

truncatad trailing adga aa ahown in figura XIX. 1. Tranadueara on tha 

upper aurfaca ware nountad along tha midapan of tha airfoil. Thraa 

« 

tranadueara %rara aountad near tha leading adga of tha airfoil along 
tha midapan. Tha leading tranaducar waa mountad 2cm from tha leading 
adga oi the airfoil and tha other two tranadueara were mountad 0.4cm 
and 0.8cm, raapactivaly, behind tha leading tranaducar. A groi^ of 
aix tranadueara ware iadMdded about tha midapan plana and 0.50cm ^patraam 
of tha trailing adga aa ahown in tha figura. To maaaura the fluctuating 
praaauraa in tha baaa, five tranadueara ware altuatad along tha center line 
of tha blunt trailing edge and ayarntric about the midapan with 1.24cm 
aaparation diatanca. A atatic praaaura hole waa altuatad next to tha 
tranaducar, to utilixa tha local atatic praaaura aa the rafaranca 
praaaura for tha meaauramant. All tranadueara with tha rafaranca 
atatic tapa, ware mountad auch that there waa negligible protruaiona 
into the boundary layer. All tranadueara had linear calibration with 
aoma diffarancaa in tha calibration curve alopa t#hich only affected 
tha magnitude of tha roaponaa and no changaa ware found in tha 
calibration. 

Tha initial aj^periment waa conducted at NA8A»ABaa naaaarch 
Canter utilizing tha indraft-typa Acouatic Mind Tunnel (Oavia 1975) . 

Tha tunnel had a background noiae, with a fairly flat apactrum, with a 
magnitude of 92dB par 1/3 octave band beyond 500 Hz, when maaaured at the 
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centerline of the txinnel test section. The flow had a variation of 
jf 0.25% in the mean velocity across the test section . The RMS value 
of the turbulence is 0.083% of the mean velocity, measured at a velocity 
of 58nt/s. 

The output from the pressure transducers along with the velocity 
measurements with a single DISA-CTh hot wire were recorded on tape as 
shown in the data reduction system (Figure III. 2). The output from the 
trcuisducers was fed into NEFF 2 uiplifiers cmd the signal was anplified 
by a factor of 1000. It was found that even at this anplification, the 
signal was not strong enough to be recorded on the An^x 1300A tape 
recorder. A 7AIA Textronix Scope Aiq>lifier with a band-pass filter 
(band-width of 1 kHz to 30 kHz) was used to further anplify the signal 
to the level required for the tape recorder. In light of the available 
instnimentation, only nine pressure trcuisducers were used in the exper- 
ment. Two data channels were further an^lified per measurement position. 
The nine transducers utilized in the ei^eriment were shown in Figure 
III.l as solid circles. 

A DISA-CTA (H-system) hotwire system with 5m cable compensator, 
was used to measure the near wake profile of the airfoil. The non- 
linear output of the hot wire was anplified by the NEFF euipllfier, 
before being recorded on the tape. The hot wire traverse of the near 
wake was made at 0.6cm downstream of the trailing edge across the shear 
layer from the upper stir face of the airfoil. The hot wire traverse 
consisted of five steps, of 0.136cm each, in the midspan of the 
model. Each wake traverse was made in one direction, and next to the 
lowest measuring step was the centerline of the wake. 
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airfoil was mountad in the test section at geometrical sero 
angle of attack and spanned the tunnel cross-section along the mid plane 
to achieve two-dimensionality of the model. The span (2S) of the air- 
foil was 25cm and the aspect ratio of the airfoil baaed on the chord 
and the trailing edge thickness were 1.92 and 55.6, respectively. 

The experiment wan conducted at a tunnel velocity of 54m/s 

5 4 

corresponding to the Reynolds numbers of 4.68 x 10 and 1.62 x 10 , 
based on the chord and the trailing edge thickness of the airfoil, 
respectively. 

III. 2 Analysis of the Measurements 

The data recorded on the Ampex 1300A recorder was reproduced 
and fed into a SAICOR model 43A correlator. The generated correlation 
function was then fed into a HP9830A calculator through a digital inter- 
face. The digitised correlation curve was then scaled, plotted, and 

recorded on a cassette for furture use. The correlation from 
the SIACOR 43A was fed into a SAICOR 470 Fourier Transform Analyser to 
generate the frequency spectrum of the signal • The produced spectrum 
was then plotted on a XY-plotter. 

The hot wire signals in the wake (Figure III. 3) ware periodic 
and the signal corresponding to the mid wake showed twice 
the frequency when compared to the signal from the upper shear layer. 
Signals from the leading edge pressure transducers and the transducers 
near the trailing edge also showed a periodic structure (Figure 
III. 4). Both base transducer signals showed a double frequency character 
similar to the hot wire signal from the mid-wske. From these traces. 
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the vortex shedding frequency of the airfoil was deduced to be 2540 Hs 
and was conflmed throu^ the correlation measurements. Thus, the 
vortex shedding frequency could be identified by two Independent measuring 
techniques i.e., surface pressure transducer and the hot wire in the 
wake. 

Fluctuating signals are usually expressed in terms of the 
correlation function, defined as 


, + T/2 

R(T) ■ Lt - / p(t) p(t + T) dt 


(III. 2.1) 


and in terms of the power spectral density, defined by the following 
relationships , 


♦(W) - /* R(T)e”^“^dT 

• 00 


and 

R(T) - ^ A(a))e^“^d(0 

m/00 


( 111 . 2 . 2 ) 


Autocorrelations (i.e. time correlations) of the hot wire (Figure 
III. 5) showed that the signal was a narrow band signal centered around 
the vortex shedding frequency or its harmonics. The autocorrelations 
of the base transducers and transducers near the trailing edge also 
have shown narrow band characteristics. 

The power spectral densities of these signals were evaluated from 
the correlation function by the SIACOR 470 Fourier Transform Analyser. 
In evaluating these spectra, the attenuation, and anpllfication factors 
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of SAXCOR 470 were different for each spectrum. These factors would 
only affect the asiplltude of the spectrum. Thus, the power spectral 
densities were presented to an arbitrary scale and were shown to present 
the spectral content only. 

The hot wire signal spectrum showed narrow band signals centered 
on the fundamental or second harmonic of the shedding frequency depending 
on the hot wire position In the wake (Figure III. 6 emd III. 7). The 
spectrum of the transducers near the trailing edge have the signal 
centered around the fundamental frequency only (Figure III. 8). The 
base transducer spectrum showed both the fundamental amd the second 
harmonic of the characteristic shedding frequency (Figure III. 9). 
Transducer signals from the leading edge region (Figure III. 10) showed 
narrow band frequency signals (l.e. 400 and 3000 Hz) that were different 
from the shedding frequency or its harmonics along with the harmonics 
of the shedding frequency. At present It can only be assumed that 
these different frequencies could t>e due to the acoustic characteristics 
of the tunnel. 

The variation of the characteristic shedding frequency with the 
tunnel velocity was shown In Figure III. 11. The variation was nearly 
linear. The Strouhal number (St ■ fd/U^) variation with these velocities 
and Re was shown in Figure III. 12. The results shown agree with 
the data shown in Figure III.I. 

Next, correlation of the measured frequency data with different 
Strouhal numbers was tried. The Strouhal number defined by Bauer 
(1961) with the displacement thicJuiess (6^^) of the boundary layer, 


IS 


(1X1.2. 3) 


as the characteristic length, is given as 


* 

St • 


with 


«s 

CP, 


» d + 2fij^ 

- (1 “ CPfa)** 

Pb " 


b 1-2 
2 




The Reynolds number 
at a velocity of 54m/s was 


of the experiment, based on the airfoil chord 


Be » — - 4.68 X 10^ 


(III. 2. 4) 


and the Reynolds number based on the trailing edge thickness was 

4 

Re. * 1*62 ^ 10 

G 

At this Reynolds number (Re^) , the displacement thickness 
(6^) of the boundary layer for laminar flo., based on the flat plat, 
approximation is 


fi - 1 . 721 (Re j”**C » 0.0327cro 
1 ® 


(III. 2.5) 


which was about 7% of the trailing edge thickness. 

With the assumption of the base pressure equal to zero, the 

Strouhal number leads to 

(III. 2.6) 
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and the Strouhal number was evaluated to be. 


St* - 0.233 <111. 2. 7) 

1 

The mean base pressure of the above model was measured for a 
velocity range of 19n/s to 60m/s. The spanwise static pressure 
variation measured at the centerline of the base with the 
reference static pressure taps showed considerable variation with 
speed (Figure III. 13). It could be seen from the figure, that the 
base pressure was not uniform or symmetric across the span and that 
the base pressure decreased with Increasing tunnel velocity. This 
non-uniformity of the base pressure was an Indicator of the three- 
dlmenslonallty of the base flow. 

With the measured base pressure coefficient In the midspan plane, 
of Cpj^ * -0.2, the corresponding Strouhal number was evaluated (Eg. 
1X1.2. 3) to be, 

St* ■ 0.213 

Present data correlated well with data of Davis (1975) and of Bauer 
(1961) as shown In Flgxure 111.14. 

The rms values of the surface fluctuating pressure signal were 
of low magnitude and vere listed In Table III.l. The rms values of 
the fluctuating pressure measured by the base transducers were within 
one-half dB of each other. The relative rms values of hot wire signals 
at various hotwire positions (hwp) coiqpared to hwp 2 l.e., at the 
center line of the wake, are plotted in Figure III. 15 showing the near 
wake profile of the fluctuating velocity. 
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XIX. 3 CroBS-Oorrelatlons of the Fluctuating Pressure 

The fluctuating pressure signal from the base transducers had 
narrow band signals (Figure XXX. 9) centered around the fundamental and 
the second harmonic of the shedding frequency. The rms values of these 
fluctuating press\ires were within 1/2 dB of each other as sho«m in 
Table XXI. 1. Although there Is some data on the measured mean base 
pressure in the blunt trailing edge, no reported literature as to the 
measurement of fluctuating pressure in the blunt trailing edge, exists. 

An interesting feature of the fluctuating base pressure was found 
in the time cross-correlation of the fluctuating pressure signal, 
defined at 


1 ^ 

R, ,(T) - Ltl/ P,(x,, t) P,(X,, t + T)dt (XXX. 3.1) 
<!•♦■«» -T/2 ^ ^ 

where p^ and are the pressure signals measured at locations given 
by and x^ respectively. 

Pressure fluctuations measured by the base tr^msducer were filtered 
around the fundamental vortex shedding frequency before the cross- 
correlation function was evaluated. From the normalized measured cross 
correlation function (Figure XXX. 16) and from the characteristic of the 
correlation of two sinusoidal functions, the value of correlation at 
zero time lag (i>0) could be used to evaluate the piiase difference 
between signals from two measuring points. Thus from Figure XXX. 16 it 
could be deduced that the signals from the base transdiu;^s have a 
phase difference of 106”. This phaise difference could be an indication 


18 


of non-unlfomity or 3-dlnenaionallty. Thla phaae variation oould 
have reaultad from the poaaible wavlneaa of the vortex aheet emlnating 
from the trailing edge . Another poasibility is oblique vortex shedding 

from the trailing edge aimilar to the oblique aheddlng from a cylinder 
at the low Reynolds number. 

Utilising arguments of Blake (1975) in evaluating the oblique 
vortex shedding (Sec. 11 .?.), it was deduced, from the initial inves- 
tigation data at a velocity of 54m/s, that the oblique angle was 13.3®. 
This angle was in felr agreement with the angle of 17®, given by Blake. 

Next, the evaluation of the speed of the surface pressure fluc- 
tuations, based on the narrowness of the signal band width, could be 
idealized as the sum of propagating monochromatic waves, with the 
frequencies being harmonics of a fundament«d given by 

00 

P(x, y, z, t) A^Cos{k^ • r - co^t} (HI. 3. 2) 

n-1 

“ fundamental radian frequency * 2fff 

■ not 

n n 

■ phase speed of n^ harmonic 
• amplitude of n^ harmonic 
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(0 


(0 


n' 
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Sketch #2 

Assuming a two-dimensional wave pattern in the XZ-plane, i.e. 
the disturbance is constant in the Y-direction (the coordinate system 
was shown in the above sketch) and wave traveling obliquely in the 
XZ-plane has the wave number vector 


^n “ ^^x,n' ^z,n’ (1II.3.3 ) 

Let the angle between the wave number vector and the Z-axis (measured 
positive in the counterclockwise direction) be 6, then 


p(x,z,t) 



A Cos{k X + k 
n x,n z,n 



(III.3.4 ) 


where 


k 

x,n 


k Bine 
n 


|h |« k Cos0 
z,n' n 

'■‘J ■ ”“v.„ 
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with 


(IIX.3. 5) 


^ -k x + k. 

x«n s,n 


The first harmonic felt by a transducer was 


“1,1 * *1 “‘‘V - ♦!,!’ 


(I1I.3 . 6) 


where the second subscropt '1* represents a transducer number. 
Similarly the response of transducer 2 was given by 


“l,2 ■ «l“*<V ■ ♦l.l’ 


(1II.3 . 7 ) 


and the phase angle by 


^1,1 “ ^x,l *1 ’^z.l*! 


- k X- + k *- 

If 2 Xf ^ 2 Sf ^ 2 


(III. 3 . 8) 


The space-time correlation function between transducer 1 and 2 is 
given by 


Vi 


1 1<11 - — CO.(»jT . j 


(III.3 . 9) 


where subscript 2 1 on R sieans that the signal at the transducer 1 was 
delayed with respect to the signal at transducer 2 in the evaluation 
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of the oorrelatlon. Now noxauillsing the equation (XXX. 2. 17) with 
rma values of ^ 2,2 ^ 


1*11 (01 »j3(0)l'' 


(xxx.a.io) 


yields 


P2 ^(X) - 


R2i(t) 


IR^l(O) ^^ 2 ^ 0 )] 


m COSlW^T + (♦j^ 2 " 


(XXX.3.11) 


Now with t • 0 


>X,2 - *1.1 ■ - V * ’‘'•l'*’ ■ ‘l’ 


■ Cos ^lP2^X ^ 


(III. 3. 12) 


using equation IIX.2*13« yields 

♦l,2 ■ *1,1 ■ ‘5^’ “•'*‘‘2 • “l” 

- (^) Sin ( 0 ( S 2 - *j ) 1 


(XXX.3.13) 


using space-time cross-correlations between any three transducers, 
the values of the phase speed and obllqiie angle could be solved. As sin 
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example* using transducers 4* 5* and 8 (Figure IXl.l) the correlations yield. 


Pj^^(O) - 0.943458 -► Coa"^lPj^^(0)l • 0.33899 Rad 
pQ 4(0) - 0.923081 Coa‘^(pg^^(0)J - 0.3948 Rad 


and let 


Cos'^lp. .(0)] 

2ii 

Co8"^(Pg^^(0)l (I1I.3.14) 


with 


- x^ 


- X. 




1 


“ X, 



z 


4 


then* 


®4,5,8 “ 



- 10.418 deg 


(XII.3.15) 


aitd i^haae speed was 


•4,5,8 • 


(IXX. 3 .16) 
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using surf SOS transducsrs nssr ths trailing sdgs, TS&ls XXX. 2 
was constructad* Dtars was no corrslation of ths phass anglss and phass 
spsad of ths fluctuations, sxcspt that it could bs concludsd that ths 
wavss wars travsUng upstrsam towards the Isading sdgs. It could only 
bs assumed that the simple representation of the oblique plane wavs was 
not an adequate representation. 
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XV KXPERIMBMm SHTIP FOR 8UB8BQQBMT IMVSSTIGATICAIS 


tfith th« rvuttlts of tho Initial invastigations in viaw, and to 
achiava furthar undarstanding of tha basa flow of tha bl\mt trailing 
adga airfoil* aaparinanto wara conductad in a 45«7 x 45.7oa aubaonie 

wind tunnal. In thia saction* tha wind t\mnal charactariatica* tha 
nodala uaad in ajqjMriaMntation along with tha ajQwriaantal aatup and 

tha inatrunantation * ara diacuaaad. 

IV.l lha 45.7 x 45.7ca Subaonic Wind Tunnal 

Tha low apaad wind tunnal of tha Aaronautics and Aatronautica 
Oapartmant, Stanford onivaraity* ia a cloaed circuit wind tunnal. ^ 
cloaad taat taction that is ventad to tha atmosphara just downstraan 
of tha taat saction . A plan view of tha tunMl is shown in Figure 
IV.l. Basic charactaristics wara invastigatad by Smith, Varsally and 
Baganoff, and %#ara discussed in an uopublishad report. Soma pf tha 
general characteristics could be found in Smith and Karamcheti (1978) and 
Varzally and Karamcheti (1978). some features of the wind tunnel 
are described below. 

Tha wind tunnal is powered by a constant rpm vaia<ble pitch fan. 

The 16 bladed fan ^ ll4cm diameter, is driven by 20hp motor and 
generates a nosdnal flow rate of 8.495 x 10^ liter/niaute at 1150 rpm. 

The speed of the airflow in the tinnel is controlled through the varia- 
tion of the pitch of the fan blade. The pitch of the blades is varied 
through a linkage mechanism that is activated remotely by the control 
system located on the side wall of the room. 
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The air frm the fan pMses through two sets of right angle 
comer vanes emd the flow is eiqpanded slightly through an upstream 
diffuser befom reaching the contraction section. There are four wire 
mesh screciis in the settling chaadser just itpstream of the contraction 
section, and there are two more screens in the diffuser section to 
reduce the nonounifomity of the incoming flow. 

The test section has a cross section of 45.72 x 45.72cm and 
is 90.12cm long. "V te'st section consists of top and bottom walls 
made of 1.24cn thick aluminum plates and side walls made of 2.54 cm 
thick plexiglass. Side walls are used ais viewing areas and 
special windows can be mounted within the side wall boundaries to 
facilitate flow visualization experiments. The model could be attached 
to any of the four walls. The test section has a slot [64.7cm long, 
1.11cm wide] in the top wall of the tunnel along the mid-plane of the 
test section, starting 21cm from the beginning of the test section. 

This slot provides access to the tunnel test section for a measuring 
probe along the mid-plane. There are two cut-outs in the bottom of the 
test section that can be fitted with a slotted plate. The cut-outs 
are 12.7cm x 38cm in size and start at 39.7cm and 62.8cm measured fr<»n 
the beginning of the test section. These cut-outs fitted with the 
slotted plate provide access into the tunnel for cross plane measure- 
ments. The velocity of the inflow to the test section was measured 
b 7 a reference pitot tube situated 10.2cm from the beginning of the 
test section , 7.6cm from the top of the test section, and 16cm 
from the front side wall. 
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A ventilation window (gap ) , consisting of 1cm gap between the end 
of the test section and downstream diffusor, provides for the recovery 
of pressure 2 uid causes the static pressure in the test section to be 
maintained close to the atmospheric pressure. The air then passes 
through the downstream diffusor and two sets of right angle corner v^mes. 

Calibration and flow characteristics of the wind timnel will be 
given later. 

IV. 2 Models and the Ei^erimental Setup 

As mentioned before, a NACA 64A010 symmetric edrfoil profile weis 
chosen for the experimental investigations. The airfoil profile and 
its flow characteristics were described by Abbott et. al. (1959) . The 
airfoil was made from cm aluminum block with a chord (c) of 15.2cm 
and spcm (2S) of 25cm. As described before, the airfoil was truncated 
at 85% of the chord resulting in a truncated trailing edge cd.rfoil of 
chord equal to 13cm cmd the thickness (d) of the blimted trailing 
edge equal to 0.45cm. 

The construction of the airfoil with pressure tremsducers (Air- 
foil I) was described in Section III. 2. To investigate the static 
pressure variation in both chordwise emd spanwise directions, cmother 
blunt trailing edge airfoil was manufactured and was instrumented 
with static pressure taps. This blunt trailing edge 2 iirfoil will be 
referred to as AIRFOIL II, in the rest of the report. 

Before investigating the blunt trailing edge airfoil, it is 
necessary to measure the flow field of a corresponding smooth trailing edge 


airfoil. For this purpose, the trailing edge (i.e. the trailing 
edge piece that was cut off) was reattached to the airfoil. Ihls 
reconbined or reattached airfoil with a smooth trailing edge and a 

chord of 15.2cm will be referred to as AIRFOIL III, for the rest of 
the report. 

To measure the static pressure variation over the airfoil 
surface, the airfoil was Instrumented with static pressure taps on 
the vpper surface in a matrix consisting of 7 rows and 13 columns 
used to position these static holes. Ihe position of these holes 
were shown in Figure IV. 2. As shown, row 1 was 1.27cin downstream 
from the leading edge, and row 2 was 1.0cm downstream of row 2. 

There were five columns placed at 1cm apeurt, euid symmetric about the 
midspeui . The placement of other colimins was shown in Figure 1. 3a 
These holes were numbered by a combination of row maobers and column 
numbers with the midspeui column being numbered zero. 

The static pressure taps were fabricated in the following way. 

A hole of 0.025cm diameter was drilled into the wall of a 0.076cm 
I.D., drawn (Type 327) steel tube. The hole was sltviated £dx>ut 0.1cm 
from the end of the tube. 2 uid the tube end was blocked with plastic 
glue to avoid any seepage of epoxy into the tube vAien imbedded into 
the surface. Grooves, to hold the tube, were milled into the surface. 
The tube was held in the position with the static hole perpendicular 
to the local surface and epoxy bonding material was used to cement 
the tubes into the surface of the airfoil. The open end of the tube 
was fed through the side of the airfoil. When the epoxy hardened, the 
static holes were honed and blown clean of surface dirt. 
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Airfoil III was examined for the smoothness of surface and 
variation from the basic NACA 64A010 airfoil profile. It was 

found that the airfoil surface was smooth and the profile was with- 
in acceptable error. 

TO measure the static pressure variation in the base of the 
blunted trailing edge airfoil, 17 static pressure taps were dis- 
tributed along the midplane of the base (Figure IV. 3b). All holes 
were in midplane. Only one of the seventeen holes could not be 
used as the tube was broken close to the surface and could not be 
repaired. The airfoil surface was deemed and all the static holes 
were found to be clean and free of cuiy blockage. 

Experiments were conducted with untripped and tripped boundary 
layers over the airfoil. For the latter case, boundary layer trips 
were employed on both sides of the airfoil. The boundary layer 
trip was made of a drill rod of 0.076cm in diameter, and was centered 
in a grove of 0.03cm diameter on the surface of the airfoil. The 
trip was situated at 3.4cm downstream of the leading edge of the 
airfoil (see Figure IV. 2). These positions correspond to 
x/c of 0.225 and 0.22 for the blunt trailiuR edge airfoil (Airfoil II) and 
for the smooth edge airfoil (..Vlvfoil III) respectively when reffered to 
thelc>.xespectlve chords. 

To compare the vortex shedding frequency of the airfoil, with 
the vortex shedding frequency of a bluff body, a stainless steel 
(drill rod) circular cylinder, with a diameter (0.45 cm) equal to 
the thickness of the blunt trailing edge of the airfoil, was used. As 
the cylinder diameter was small, the cylinder was not instrumented 
with static pressure taps to measure the base pressure. 
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As the tunnel at Stanford University has a square cross 
section with a side of 4S.7cm« a pair of side (end) plates were 
used to mount the airfoil model that was constructed for the Ames 
25 X 3icm quiet wind tunnel. The end plates irare designed to achieve 
two-dimensionality of the model, such that the flow exterior to the 
end plates did not influence the flow between the plates and that there 
was no flow separation on the end plates. 

A pair of end plates 45 x 53cm and 0.95cm thick were made out 
of plexiglass and the positioning of these end plates in the tunnel 
was shown in Figure V.l. The leading edge of the plate was made to 
be the cross section of a we>2ge with an apex «uigle of 20^ and a 
height of 4cm. The sharp leading edge was ;.‘ounded to avoid any leading 
edge separation. The end plates were chamfered on the exterior side 
of the plate at the trailing to generate a sharp trailing edge. The 
end plates were attached to a hollow circular cylinder of 14.6cm 
diameter, 9.4cm long with 1.27cm thick walls. These cylinder supports 
were then attached to the side walls. Four small solid plexiglass 
cylinder stiffeners of 1.9cm diameter were used to dani>en the vibra- 
tions of the end plate at high speeds. 

A slot was cut in the end plates at the mid plane to facil- 
itate passing of the static pressuie tubes of the airfoil r'^odel. 

The leading edge of the end plates was 20cm (or 1.5 chords) qp- 
stre<un of the leading edge of the airfoil. The end plate trailing 
edge must be at least 2 diameter or 29cm measured from the 
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center of the B^pport cylinders to eliminate the contamination due 
to the shedding from these cylinders, as recommended by Cowdrey (1926). 
This was easily achieved because the cylinder diameter was almost 
equal to the chord of the airfoil. Also, the trailing edge of the end 
plate was designed to be at 30cm (2.4 chords) downstream of the 
maximum thlcJcneas of the airfoil, which coincided with the center of 
the support cylinder. A preliminary test for flow separation on the 
end walls was conducted with the help of tufts. These tests showed 
that there was no flow separation over either of the end plates was 
independent of the flow exterior to the end plates. 

As the model and its support create blockage to the through flow, 
its effect in terms of a blockage factor need to be investigated. 

A list of references on a closed test section blockage factor is 
included in the bibliography. The effect, if any, of the breather 
gap on the blockage factor was not considered. In the calibration 
of velocity profiles, the profiles were normalized with centerline 
velocity, thus in presenting these profiles, the blockage factor 
was not used. 

The instrumentation used in the ejq)erimentation with the data 
acquisition and the reduction system (also see Figure III. 2) will 
now be descrilsed. 

IV. 3 Instrumentation 

In this section a brief description of the instrumentation used 
along with accuracy estimation of the data will be given. 

Measuring probes, the hotwire and the microphone are traversed 
in the test section with the help of appropriate mechanisms located at 
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the top and at the bottom of the test section. The traversing mechanism 
at the top was constrained to travel along the mldplane In the axial 
direction with artravel of 45cm, and had a free travel of 30cm In the 
vertical direction. The traverse of the probe from the top, was 
restricted to 7.7cm from the top and 7.2cm from the bottom of the test 
section. The traversing mechanism at the bottom was free to travel In 
3 directions l.e. zucial, vertical emd horizontal. Due to the geometry 
of the slots In the bottom plate, the horizontal pleme (l.e. crossplane) 
movement was constrained to 6cm from either of the sidewalls and the 
axial movement could only be made in steps of 1cm each with the vertical 
traverse limited to 16cm. It was felt that these traverses provided 
sufficient freedom of travel for present Investigations. All tra- 
versing mechanisms consisted of a sliding block for long and couse 
movements emd a vernier for short euid fine movements when the sliding 
block was locked. With the probe moving only in one direction for each 
traverse to minimize the backlash error and with the vernier traverse, 
the probe movements could be repeated with an accuracy of ^ O.Olnm. 

IV. 3.1 Manometer Board and Thermocoi^le 

Static pressure measiurements in the tunnel and on the model were 
achieved with the help of a bank of numometers, using red gauge oil 
(sp • 0.834) as the manometer fl’old. All the manometer readings were 
made with atmospheric pressure as the reference pressure. A graduated 
graph sheet scaled In centimeter divisions was used to measure the 
pressure rise or fall In the bank. Due to the length of tubing 
connecting the manoneter bank and the pressure tAps In the model, 
the b<uik of raonometers had a luge Integration time to achieve tat 
equilibrium position. 
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As described in. Sec IV. 1, the dynamic head j pu of the tunnel was 
measured using a 0.32cm pitot-static tube. As the local pressure in 
the teat section is close to atmospheric pressure, the density was 
calculated by the relation 


P [mrn.Hg] 

Ptkg/m^] ■ (IV. 3.1) 

2. 158619 (T* [cl + 273.15") 
s 


where 

p » atanospheric pressure measured Jay a barameter in mm Hg. 

T « local static ten®>erature (as deduced by Eq. IV. 3. 4) 
s 


with the use of Bernoulli's equation, the reference velocity measured 
by the Pitot tube with the Jaanlc of manometers (sp » .834) was 
evaluated Jay 


V[n^/s] 


18.781456 


( 


(T*[cl + 273.15) (Ap(cm. oil) ) 


P [mrn.Hg] 
a 


(IV.3.2) 


and the Mach nundaer was calculated by 


M « 0.9269669 



[cm. oil) 
[im.Hg] 


h 


(IV. 3. 3) 


An iron-constantin thermocoua?le imJaedded in the tip of the pitot 
tubo was used to measiure the stagnation tenperature of the tunnel air 
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stream. Using a recovery factor of 0.86 for parallel flow past the 
teinperatxire measuring probe, the static temperature of the air flow 
could be evaluated by, 


T®^[c] - 41*16724 Ap[cmoill 


p^tmmHgl J 


T“[c] 

s 


1 + 0*150713 Ap[crooil] 


p^tmmHg] 




) 


(IV. 3.4) 


The variation of the stagnation temperature was measured with a volt- 
meter and was noted down with each reading. 

With the reference pitot tube aligned carefully with flow 
direction, error in measuring the dynamic head was edsout ^1%. Evalu- 
ation of static tenperature may involve an error of + 1%. Thus it was 
estimated that the reference velocity measured was within + 1% of 
error. The readings of model static pressure were estimated to be within 
+ 2 %. 

IV. 3. 2 Hotwire Anemometer System 

The velocity measurements, both mean and fluctuating, were made 
with DISA-CTA (M-system) hotwire anemometer. Two single hotwire 
channels each with a 5m conpensation circuit and a linearizer, were 
used. All measurements were made with a single hotwire probe, consisting 
of a regular emd a boundary layer type probe. 
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In all measurements, the hot wire measuring elesient was held 
parallel to the trailing edge of the model and in the horizontal plane. 
The hot wife measured the Instantaneous magnitude of the velocity vector 
in a pleme perpendicular to the hot wire axis. time averaged value 
of the magnitude will be referred to as the mean velocity. The 
variation of the instantaneous magnitude from the measured mean value 
will be referred to as the fluctuating quantity or fluctuating velocity. 
Velocities in other directions could only be satisfactorily resolved 
with a, cross wire, emd were not measured in the present investigations. 

Even though the static; temperature variation (which will be 
described later) in the tunnel affects the hot wire anemometer 
measurements, no tenperature conpensating circuits were used because 
these circuits were not available with these channels. Analytic 
tenperature corrections to the hot wire data were described by 
Kristenson <1974) and Bearman (1969), and it was taaoA that the 
corrections given by Kristensen were easy to apply and were utilized. 

The linearized output was fed to a D. C. voltmeter for measurement 
of the mean value and to a RMS meter for the measurement of the inten- 
sity of fluctuation of velocity. 

BotJi the hot wire anemometers were calibrated in the tunnel 
flow with reference velocity measured by the pitot tube. The 
calibration and the setup of the linearizer were periodically 
chec)ied and found not to change during the course of the ejq>eriment. 
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As the hot wire anemometer wee calibrated with reference to 


the Pitot tubes measurement error was estimated to be within 2%. 

As velocity measurements were normalized with measurements 
in uniform flow velocity, the velocity profiles were not signif- 
icantly affected by any error, in the measurement of fluctuating 
velocities, the source of error was in^licit in the hot wire 
velocity measuring technique and depended on the ratip of the bus 
of the velocity fluctuations to the measured mean velocity value. 

IV. 3. 3 Measurements of Correlation and Spectra 

The fluctuating md periodic flow quemtities were best rep- 
resented in the form of correlations and frequency spectra. To 
achieve this, a ASICOR 43A correlator and the coupled instrument * 
SAICOR 470 Fourier Tr^msform Analyzer were used. SAICOR 43A 
correlator generated a 400 point emalysis with time delays from 
2ysec to 1 sec. In present investigations, a time delay of 
'0.2swec was used. The output of the correlator could be plotted 
on a XY-plotter so that it could be further studied at a later 

time. 

The output from the correlator was fed into a 
Fourier transform analyzer for generating a spectrum. Corresponding 
to a 0.2 msec time delay on the correlator, the frequency range 
of the spectrum was 0-5kHz. A marker generated by the analyzer, 
displayed on a scope, was used to read the frequency measurement 
corresponding to any point on the spectrum. The marker measurement 
displayed on the anlyzer had a ± 5Hz error corresponding to the time 


36 


delay of 0.2m sec. Aiqpl.ltudes corresponding to the frequency dis- 
played by the marker, were read on a voltmeter. Ate frequency 
spectra was displayed to an arbitrary scale with a value of one or 
zero at maximum magnitude corresponding to a linear or log scale, 
respectively. 

XV. 3.4 Microphone Measurements 

A 1.25cm microphone, situated outside the tunnel test sec- 
tion, near the ventilation gap, was used to measure the far field 
radiated acoustic pressure. A d. 6 35cm microphone 
with nose cone attached, was utilized to measure the directivity 
pattern of the pressure field near the trailing edge. Similarly 
a 0.32cm microphone with nose cone was used for the acoustic 
calibration of the tunnel. Both the 635cm and 0.32 cm microphones 
were mounted in the top traversing mechanism and were restricted 
to measurements in the midplane. All microphone measurements 
were made with a B&K Audio Spectrum (1/3 octave) Analyzer and 
strip chart recorder. The cross-correlations between the micro- 
phone and hot wire were made using the SAICOR instruments and 
when the cross-correlation were evaluated, the microphone data 
was fed from the B&K spectrum analyzer set at linear output. All 
microphones were calibrated with a piston phone before and after 
the measurements aid the calibrations ifere found to remain unchanged. 

IV. 4 Calibration of the 45.7 x 45.7cm Hind Tunnel 

Calibrations presented in this swCtion siq>pleBwnt the work 
presented in the report of Smith et. al. The features investigated 
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wtra thft valocity prof lias « acoustics of ths tunnsl, and finally 
tha tas^ratura variation in tha taat saction. 

XV. 4.1 Calibration of tha Tunnal with an Bi^pty Tast Saction 

Tha dynastic hand of tha tunnal as stantionad was naasurad using 
I tha rafaranca Pitot tuba. Tha atstosj^taric prassura and tha 

I tunnal room taiqparatura was measurad with a baromatar and thaxmo* 

I ms tar respactively* 

XV. 4. 1.1 Valocity Profiles 

i 

The velocity range of tha tunnal with an empty test section 
is 19m/s to 6Am/» corresponding to a Mach number range of 0.055 to 
0.18B( and thus the flow may be regarded as inconprassible. 

The calibration of the tunnal was made at flow speeds of 19, 

32, 47.6 and 64.14m/s. Valocity profiles at two raprasantatlva 
velocities of 32m/s and 48m/s and at axial distances of 16.2, 36.2, 
and 46.0cm from tha start of tha test section were shown in Figures 
IV. 5 and IV. 6 corresponding to vertical and horizontal planes 
tively. The mean valocity profiles ware normalized with valocity 
measurad at the center of tha vertical traverse. The profllos 
of HNS values of tha fluctuating valocity (turbulence Intensity) 
ware normalized with tha local mean velocity. Vertical axis in 
both profiles ware normalized with tunnal half 'width. 

Tha mean valocity profile could be seen to have uniformity 
in both the vertical and horizontal plane. Tha fluctuating velocity 
level was below 0.7% of tha local mean valocity. The turbulence 
level could be seen to be fairly uniform across the cross-section. 
Typical turbulence spectra measured by the hot wire at two different 
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Man valocitlas o£ 32 and 46«/s art ahotm in Figura n.l. Both 
■pectra, plotted on a log-linear scale » show band-llnited tdiite 
noise bettfeen 0 to 50kHz. The turbulence intensity increased with 
increasing speed. The spectra did not exhibit any peaks that could 
Msk Masurements at any particular frequency. 

Characteristics of the wall boundary layer at 38cn 
from the start of the test section at 20 and 60n/s were Manured 

by Smith et. al.. They showed that the shape of the boundary layer 
profiles indicated a fully developed Curoulent flow. 

When the calibration for the maximum possible velocity of 
64.2m/s was atteng>ted« the Mssured dynamic head varied about 8% 
of the MASured maximum dynamic head, showing that the maximum 
possible velocity could not be maintained for any reasonable period 
of tiM. This variation could have been caused due to flow sepa- 
ration in the fan flow or due to the constant rise in the tunnel 
temperature. The calibration at 60m/s showed a variation of 2% of 
the maximum Masured dynamic head at this speed. Finally, the 
maximum velocity with no apparent dynamic head variation was found 
to be 5Sm/s and this should be coiisidored as the maximum practical 
velocity of the tunnel. 

IV.4.1.2 Acoustic Features 

Acoustic chcxacteristics of the esqpty wind tunnel are is^ortant 
as background infozMtion. The acoustic MasureMnts were made 
with a 0.32cm (1/8") microphone with a preaiqplifier and nose cone 
at the center of the test section. A BAX audio (1/3 octave) frequency 
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analyaer with a recorder was used to record the level of the spectra 
in terms of dB referred to 20 x 10“® N/m^ and frequency in Hz. 

The tunnel ro<xn could, at best, be described as semi-reverberemt 
from an acoustical point of view. When the tunnel was running, 
the metal structure of the wind tunnel generated low frequency 
"rumble''. Hie outside acoustic level in the tunnel room varied 
during the day due to external noise. 

A dominant frequency that might occur in the background noise 
would be the blade passing frequency of the fan. With 16 blades 
at a constant speed of 1150 rpm, the blade passing frequency of 
the fan was 307Hz. Depending upon the speed of the tunnel flow, 
higher harmonics of the blcuie passing frequency could become 
predominant* A list of the first ten harmonics were given in 
Table IV. 

Typical 1/3 octave band spectra measured in the test section, 
with no flow and at a velocity of 24m/s were shown in Figure IV. 

The background noise in the tunnel with no flow was consideredsly 
lower than the level with flow. The blade passing frequencies 
could not be easily identified as the noise level was averaged 
over a third of the octave bcuid. 

The resonance frequencies of the wind tunnel could play a role 
in aeroacoustic measurements in the tunnel due to possible coupling 
between these natural frequencies and acoustic phenomena under 
investigation. These natural frequencies could be described in 
terms of acoustic pressure wave patterns (duct modes) . The wave 
patterns could be viewed as standing waves in the cross-sectional 
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plane and the wave patterns could be traveling in the axial direc- 
tion. As a first approximation, viewing the tunnel as a long duct 
of rectangular cross-section, the duct mode pattern was given by 


m.n 


exp{i(k X - tut)} 


(IV.4.1) 


with 


m.n - mode number in the YZ«plane 

. with a^ being ambient speed of sound. 


Pi- 


‘y * “z 


wave pattern in the cross-sectional 
plane of the tunnel could be evaluated by 


m.n 


mir^ + 




(IV.4.2) 


The duct modes for the empty test section were shown in 
Table IV. 2. The tunnel modes were calculated for no-flow condition, 
and the effect of the through flow could be introduced through a 
multiplying factor (1 - 

00 

IV. 4. 1.3 Tenperature Variation 

In a closed circuit wind tunnel, some of the energy supplied 
by the fan blades to airflow, emerged as an increase of heat energy 
and resulted in the increase of static temperature of the air stream. 
Because no cooling mechanism was available with this tunnel, and 
because the tunnel room was small, there was not sufficient heat 
transfer to balance the heat increase, therefore the airstream 
temperature continued to rise. 
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TO measure emd document the rise In tunnel teiqperature, a Chromell- 
Alumell therocouple with a shroud that was designed to reduce the vis- 
cosity correction to the thermocouple reading to a value below 0.1°C> 
was used. The thermocouple in the shroud was mounted 10.0cm from the 
beginning of the test section, 6cm from the side wall, and 2.3cm from 
the bottom of the test section. Typical variations of tiie static tem- 
perature with time during the calibration process were reproduced in 
Figure IV. 9. The typical initial temperature varied from 20 *C to 30 *C 
during these tunnel runs of 45 to 90 minutes. 

At the minimum tunnel speed (i.e. 19m/s) ,the temperature rise was 
negligible. But at higher speeds the temperature rise was considereUsle 
cuid during the complete calibration process, an equilibrium temperature 
could never be achieved. A list of typical static temperatures in the 
tunnel are given in Table IV. 3. 

It was found that opening the tunnel room doors dcunpened the rise 
in tunnel temperature. Thus it was recommended to keep the tunnel room 
doors open when the tunnel was running. It was also discovered that 
running the tunnel intermittently, i.e. with run-time of an hour coupled 
with a rest time of 1/2 hour, would also keep the rise in the tunnel tem- 
perature within a reason£d>le level. 

As the temperature variation is a problem with the present setup of 
the tunnel, it was recommended that hotwire measurements should be cor- 
rected for the temperature rise or a temperature compensating circuit 
be used. In the results of the present investigation, as temperature 
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compensation circuits were not available, (see Section IV. 3.2) analy- 
tic corrections to the hotwire data were applied. 

The next section describes the calibration of the tunnel with side 
plates that were used to mount the model. 

IV. 4.2 Calibration with End Plates in the Test Section 

As described in Section IV. 2, a pair of end plates were utilized 
to achieve two-dimensionality of the model. With the experimental set- 
up shown in Figure IV. 4, the two-dimensionality of the inccxning flow 
needs to be confirmed. 

IV. 4.2.1 Velocity Profiles 

As described in Section IV. 2, there was no sep£u:ation on the end 
plates and the boundary layer measurements on the end plates confirmed that 
there was no separation of the flow. 

To measure the two-dimensionality of the flow between the side 
plates, hotwire traverses in both vertical £uid horizontal plane were 
made. Two representative locations of 3cm and 45cm from the leading 
edge of the end plate were used for vertical traverses, pue to the 
limited accessability into the tunnel, ^ucial distances of 24cm emd 
48cm from the leading edge of the end plate were used for horizontal 
traverses. These traverses were normalized by the local centerline 
velocity and were presented in Figures IV. 10 cuid IV. 11 for two differ- 
ent speeds of 24m/s cuid 48m/s. The eurrow marks on the vertical scale 
Figure IV. 11 meurk the position of side plates. As it can be 
seen from these figures ,the meeui velocity profile was uniform across 
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the test area and the turbulence intensities were also fairly uniform 
across the test area. These confirm the uniformity of the incoming 
velocity field. Zt should also be noted that these turbulence inten- 
sities were lower than compairable intensities in the test section 
with no end plates. 

IV . 4 . 2 . 2 Acoustic Features 

As the end plates reduce the cross-sectional area of the test sec- 
tion, different cross modes could dominate the acoustic field of the 
tunnel. These modes in the cross sectional area of 25 x 45cm were 
shown in Table IV. 4. As before, these modes need to be corrected for 
the through flow effect. 

The spectral output measured by a 0.32cm microphone, in the test 
section with end plates was shown in Figure IV. 12 for a representative 
velocity of 24m/s. This 1/3 octave band spectra, of the microphone, 
does not show any difference from the spectra without end plates, 
(Figure IV. 8(b) ) . 

Temperature variation in the tunnel was similar with or without 
the side plates in the test section. 
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V RESULTS OF THE SUBSEQUENT INVESTIGATIONS 


The initial experimental investigations as described previously of 
the flow around a blunt trailing edge airfoil, indicated the possibility 
of three-dimensionality in the neau: wake. To achieve further understanding 
of the near flow field, subsequent experimental investigations of a 
symmetric airfoil (NACA 64A010) with a smooth trailing edge and with a 
blunt trailing edge were undertaJcen. These experimental investigations 
were conducted in the Stanford 45.7 x 45.7cm wind tunnel. A smooth 
trailing edge airfoil with static pres>r'^re taps (Airfoil III Sec. IV. 2), 
a blunt trailing edge airfoil also with static pressure taps (Airfoil II, 
Sec. IV. 2) and a blunt trailing edge airfoil with tmsteady pressure 
transducers (Airfoil I, Sec. III.l), were utilized as experimental models. 
In this chapter, the results of these experimental investigations will be 
discussed. 

V.l Smooth Trailing Edge Airfoil Model 

The construction of the airfoil with 15.2cm chord euid 25cm span was 
described in Sec. IV. 2. All static pressure taps in the upper surface 
were found to be free of euiy blockage. Measurements with the smooth 
trailing edge airfoil (Airfoil III) were first made without the boundary 
layer trip and were later repeated with the boundary layer trip on both 
surfaces. 

Airfoil III was mounted between two end plates (Figure V.l) at a geo- 
metrical zero angle of attack as shown schematically in Figure IV. 4. The 
positioning of the airfoil in the tunnel with the end plates and the 
coordinates system were shown in Figure IV. 4. 
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Measurements witli the smooth trailing edge airfoil were conducted at a 
speed of 24m/s corresponding to a Reynolds number based on the chord (Re^) 
of 2.6 X 10^ and were repeated at a speed of 45m/s corresponding to Re^ 
of 4.8 X 10®. 

To establish the two-dimensionality of the incoming flow# with the 
model in place, velocity measurement at 6cm upstream of the airfoil leading 
edge, were conducted. The position corresponds to axial distance of 32.6c.n 
from the beginning of the test section. The typical velocity profiles i.i 
both the vertical and spanwise directions are shown in Figure V.2 at a 
representative velocity of 26m/s. As it could be seen from the figure, the 
mean velocity profile was \iniform in both vertical and spanwise directions, 
except very close to the side plates. Similarly, the rms values of the 
fluctuating velocity were also uniform in both directions. These measure- 
ments are in fair agreement with measurements of flow with end plates only. 
This confirmed the two dimensional character of the incoming flow. 

V.1.1 Measurements of the Static Pressure 

Static pressure distributions on the surface of Airfoil III were 
measured at- two different speeds with and without a boundary layer trip. 
Figure V. .3 shows the chordwise variation of the static pressure -ioiv-both 
configurations at speeds of 24 -and 4Sm/s. The static pressure p^ is shown 
in terras of the pressure coefficient. defined by 

Pg ” P» 

C - — 

Pi 2 

2 PooUc 
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where 


* local static pressure 
and P U and p„ refer to free stream conditions 

The crosses correspond to the data for the configuration without the 
boundary layer trip and the circled crosses correspond to the data for the 
configuration with the boundary layer trip. Only measurements behind the max- 
imum thickness of the airfoil were shown with the boundary layer trip con- 
configuration because the boundary layer trip was situated at x/c « 0.22. 

In both figures, the variation of static pressure coefficient and the mag- 
nitudes were in agreement. Before compeuring this data with the theoretical 
data based on the source-sink representation of the airfoil in a uniform 
and unbounded fluid, the measured data needs to be corrected for the 
tunnel blockage. 

The presence of the model and its supporting system produces blockage 
to the through flow . The blockage factor is usually defined as the ratio 

of the increased velocity felt by the model to the reference flow 
velocity. The blockage factor relates the dynamic head (q^) in the bounded 
flow of the tunnel to the dynamic head (q^^) for the unbounded flow (see sketch 
below] . 








The relationship is given by 

qj - (1 + ^2 ^2 


(V.1.1) 
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where 



Oj . (1 + e^iUj 

» blockage factor 

The blockage factor was evaluated either by geometrical area con- 
siderations or by the measured static pressure variations in the uniform 
flow above the model. With the geometrical dimensions ( Pope and Harper, 
1952 ) of the model support structure, the blockage factor was found 
to be about 7%. Using the measured static pressure value, one chord 
distance above the airfoil model, the blockage factor could also be eval- 
uated as 

Eg - (1 - Cp^)** - 1 (V.1.2) 

where Cp was the static pressure coefficient in the flow above the 

li 

model. 

The measured model static pressure coefficient can be corrected for 
the blockage factor, (Gerner et. al., 1966) as 

+ n ■ <2 - M^) Cpje (V.1.3) 

c m ^ ^ B 

vhere 

Cp = measured static pressure coefficient 
in 

Cp^ * corrected static pressure coefficient 
M B tunnel mach number 
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As the maximum Mach number In the experiments was equal to 0.113 
2 

the N termsf in the above equation, ceut be neglected. Hence, 

Cp^ - QP^ + (2 - 2 Qp J e_ (V.1.4) 

cm mo 

The corrected value of the static pressure for the speeds of 24 and 45m/s 
along with the theoretical pressure distribution (the chain line) from 
Abbott (1959) was shown in Figure V.4. The data shown as crosses were 
for the configuration without the boundary layer trip and the circled 
crosses' -were for the tripped boundary layer configuration of the airfoil. 

The differences could be traced to the possible errors in the measurement 
of the reference pressure because the reference pitot tube is only at a 
distance of one-half of the tunnel height from the model. As it could be 
seen, there was fair agreement between the theoretical distribution and mea- 
sured pressure coefficient in the chordwlse direction. 

The uniformity of the static pressure across the span is an 
indicator of uniformity of the velocity along the span. The static 
pressure coefficient across the sp«m is shown in Figure V. 5 for speeds of 
24m/s and 45m/s. The dashed lines were for the configuration without 
the boundary layer trip and the chain lines were for the tripped boundiury 
layer configuration and these pressure coefficients were corrected for 
the blockage factor. As shown in both figures, the static pressure coef- 
ficient was fairly uniform across the span, except close to the end 
walls. This verifies that the flow over the airfoil was uniform except 
very close to the end plates. 
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V.1.2 Boundary Layer and Hake Velocity Profiles 

Measurements of the near flow field of the airfoil consisted of the 
velocity profiles of the boundary layer and the wake. Since mevaatot of 
the probe, is restricted to the midspan plane, measurements of thSN^undary 
layer and wake were made in the midap an plane only. 

Ihe boundary layer velocity measurements were made behind the max- 
imum thickness of the airfoil and at x/c of 0.55, 0.68, 0.82, 0.85 and 
0.99, measured from the leading edge. Ttie first three measuring locations 
correspond as described in Sec. IV. 2, to 5, 6, and 7 of the static pressure 
tap rows and the location x/c *0.85 corresponds to the location of 
the trailing edge vdien the airfoil is blunted. For both configurations 
of the airfoil with emd without the bound^u:y layer trip, and at a tunnel 
velocity of 45m/s, the boundary layer profile is shown in Figure V.6. The 
dash line corresponds to the untripped boundary layer configvuration and 
the chain line corresponds to the tripped boundary layer configura- 
tion. It could be concluded from these profiles that there was no sepa- 
ration of flow over the surface of the airfoil. 

Figure V.7 shows the comparison of the boundary layer profiles at 
x/c *0.82 and at different speeds. The deish line wets the boundary layer 
profile for the configuration without the boundary layer trip at a 
speed of 4Snv^s. The solid line was the boundary layer profile taken from 
NACk TM 2235, which was measured at 80%C and at 58m/s corresponding to a 
of 4.1 X 10^ on a NACA 64A010 airfoil. The third profile shown was 
for the configuration without the boundary layer trip at a velocity of 
24m/s. As it could be seen, the boundary layer profiles of these untripped 
boundary layer configurations show fair agreement. 


SO 


The wake profiles behind the airfoil In the mldapan plane, at 
x/c of 0.033, 0.133, and 0.266 were shown In Figure V.8, for both tripped 
and untrlpped boundary layer configurations at a tunnel speed of A5m/s. 

The profiles were norainllzed by wake deficit at the wake centerline and 
by the wake half width defined as the point where the magnitude of the 
velocity deficit reached, half of the value at the centerline. It can be 
seen chat the velocity profiles are similar and do not show any pro- 
nounced variations. On the basis of these results. It was deduced that the 
flow 'around the smooth trailing edge airfoil was two-dimensional In 
character. 

Because the above wake measurements showed similar behavior, no 
spanwlse measurements were made. As no narrow band frequencies could be 
found In Che wake fluctuating velocity spectrum, It was assumed that 
there was no vortex shedding from the smooch trailing edge airfoil (Airfoil 
III) In present investigations. As no audlable acoustic noise was heard, 
no acoustic measurements were taken. 

V.2 The Blunt Trailing Edge Airfoil Model 

In the present phase of Investigations, two Identical blunt trailing 
edge airfoils 1) the airfoil with pressure transducers imbedded In the 
surface (Airfoil 1) described in Section IV. 2 ; 2) Che airfoil with static 
pressure taps (Airfoil II) also described In Section IV. 2 were utilized. 

Due to the non-availeibility of the required power supplies and 
aiq^lifiers for the pressure tranducers and due to some broken connectors 
of the trui'.ducers, investigation of the fluctuating pressure field was 
not undertaken. It was assumed that the investigation of the velocity field 
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would provid* •ufficlent Infonnatlon and the exudnatlon of the fluctua- 
ting preaaura field was left for future Investigations. 

To measure the static pressure variation in the base, 17 static 
holes (Figure IV. 3) were distributed along the mid plane of the base (see 
Section IV. 2). Only one of seventeen holes in the base could not be 
used as the tube was broken close to the surface and could not be repaired. 
Similar to the smooth trailing edge airfoil investigations, two configur- 
ations of Airfoil II, i. e., without the boundary layer trip and with the 
boundary layer trip, were investigated. 

All investigations with the airfoil model held at a geometrical zero 
angle of attack, were carried out et tunnel speeds of 24, 33 and 44m/s 
corresponding to Reynolds number based on the chord of 2.6 x 10^, 

3.5 X 10^ and 4.38 x 10^ respectively. 

To confirm the two-dimensionality of the incoming flow, velocity 
traverses in the plane parallel to the span of thv model and in the plane 
perpendiclar to the span of the model, were made at a position 6cm upstream 
of the model. The mean velocity and turbulence intensities were found 
to be uniform for both the velocity traverses confirming the two-dimensio- 
nality ol the incoming flow. 

In the following section, static pressure, boundary layer and wake 
velocity profiles and characteristic shedding frequency measurements are 
presented. 
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V.2.1 Static Pressura Maasuraownti 


The static prasaure distributions on Airfoil XI (i*a. airfoil with 
static prassura taps) with and without tha trippad boundary layar wera 
invastigat4>d. Tha static prassura distribution for tha configuration 
without tha boundary layar trip of tha airfoil along tha midspan at thraa 
spaads 24, 33, and 44m/s, was shown in Figura V.9(a) and thasa coaffi- 
ciants ware not corractad for any blockaga factor. It can ba saan that 
tha data agraed wall for all spaads, but clooa to tha trailing adga thara 
ware soma variations with spaed. Figura V.9(b) showed tha mid-span 
chordwise distribution of tha static prassura for tha configuration with tha 
boundary layer trip of the airfoil and at thraa speeds of 24m/s, 33m/s 
and 44m/s. Thera was better agreement of tha data in this case than in 
the case of the untrippad boundary layer configuration. Tha midspan dis- 
tribution of the static pressure in the chordwise direction for tha smooth 
trailing edge airfoil is compared with that for tha blunt trailing edge 
airfoil. Data from these airfoils was plotted in Figura V.IO for a spaed 
of 24m/s. The axial distancti is normalized by tha untruncatad airfoil 
chord (15.2cm). As ^aen, there is agreement for tha distribution, except 
vary close to the trailing edge. 

Figura V.ll depicts the spanwisa distribution of the static prassura 
over tha blunt trailing edge airfoil with tha boundary layar trip. The 
static pressure is uniform across the span of the airfoil, except vary 
close to the side plates, because of the sidewall boundary layar affect. 
Figure V.12 shows tha spanwisa distribution of tha static prassura for 
tha untrippad boundary layer configuration. The variation of the static 
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pressure is more pronounced in this case them in the case with the 
boundeu:y layer trip. The pressure coefficient was feiirly uniform 
over the center portion of the airfoil and the variation beceune more 
pronounced close to the trailing edge. Due to the lack of uniformity 
in the static pressure distribution close to the trailing edge in the 
spanwise direction , two-dimensionality of the flow could not be verified 
in the case of the untripped boundary layer configuration. Tripping 
of the boundary layer leads to the uniformity of the static pressure 
across the spem and to the two-dimensionality of the flow. 

With a limited number of transducer reference static pressure 
taps in the base, placed 1.24cm apart and symmetric about the midspan 
of the airfoil, the spanwise distribution of the base static pressure 
for the airfoil with transducers {Airfoil 1} was measured. Figure 
V.12(a) depicts the spanwise veuriation of the base pressure coefficient 
and Figure V. 13(b) shows the variation of the pressure coefficient with 
tunnel velocity. As noticed in the initial investigation, the base 
pressure decreased with increasing velocity. The spanwise distribution 
of the base pressure did not show any consistency. This non-uniformity 
could have been caused by the side weLll conditions, such as the boundary 
layer characteristics near the base and in turn could result in three- 
dimensionality of the near wake. 

Figure V.14 shows the variation of the base pressure at the midspan 
with velocity, where the chain lines emd dash lines refer respectively 
to the configuration with and without the boundary layer trip 


54 


configurations of Airfoil II and the solid line shows the base 
pressure coefficient of Airfoil I. The difference between Airfoil II 
and Airfoil 1 data could be due to the small differences in the 
construction of the airfoils. The base pressure coefficient decreased 
with increasing speed as shewn in the figure and the coefficients 

were not corrected for blockage effect# 

The spanwise distribution of the base pressure with the speed of 
the tunnel for the configuration without the boundary layer trip is shown 
in Figure V.15. Figure V.16 depicts the spanwise distribution for the 
configuration with the boundary layer trip. The base pressure distribution 
in either case of the configurations was not uniform in the spanwise 
direction and varies with speed. The distribution of the base pressure 
for the configuration with the boundary layer trip is uniform over a 
larger portion of the center span chan for that without the boundary 
layer trip. This uniformity could be due to the tripped boundary layer 
and also could be due to interaction of the turbulent boundary layer 
on the airfoil and the sidewall boundary layer. It is seen that even 
though mean pressure, over the upper surface of the airfoil is uniform, 
the base pressure in the blunt trailing edge is non-uniform. With the 
measurements of flow characteristics of a blunt trailing edge body, the 
uniformity of the mean base pressure must also be examined. 


55 



V.2.2 Velocity Profiles of the Bovindaury Layer and the Near Wake 

The boundary layer velocity profiles near the trailing edge influ- 
ence the vortex shedding from the blunt trailing edge airfoil. The effect 
of truncation on the flow field could also be measured with the changes 
in the boundary layer profiles. These boundary layer and wake profiles 
were measured with a single hotwire with the measuring element parallel 
to the trailing edge. 

Boundary layer profiles for Airfoil II with and without the 
boundary layer trip were measured behind the maximtim thickness of 
the airfoil and in the midspan plane. The boundary layer profiles 
were surveyed at x/c of 0.62, 0.77, 0.92 and 0.99 and at velocities 
of 24, 34m/s. The profiles were normalized with the uniform mean 

velocity of the tunnel. 

The measured boundary layer profiles for 24 and 34m/s were shown 
in Figures V.17 and V.18 and the chain lines and dash Ixnes correspond to 
the tripped and untripped boundary layer cases, respectively. Similarly, 
the boundary layer profiles for Airfoil I with pressure transducers at 
x/c“ 0.89 and 0.98 at a velocity of 24 and 45m/s were shown in Figure V.19. 
The boundary layer profile at these speeds show that there was no flow 
separation along the midspeui . Due to the inability of the tranversing 
mechcuiism, boundary layer measurements only at midspan locations could 
be made. 

Figtire V.20 compares the boundary layer profiles at x/c = 0.98 and 
at a velocity of 24m/s. The dash lines and solid lines refer to the con- 
figurations without the boundary layer trip of Airfoil II and Airfoil I, 
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respectively. The chain line shown in the Figure are for the Blausius profile 
and it could be seen that measured boundeury layer profiles were not 
laminar profiles. Figure V.21 compares the boundary layer 
profiles of Airfoil II measured at x/c » 0.98, with boundary 
layer profiles measured at x/c = 0.85 for a smooth trailing edge air- 
foil (i.e. Airfoil III) . The chordwise distance was normalized with 
respective airfoil chords emd the measuring location corresponds to the 
blunt trailing edge position. The lines with squares and circles viere 
for Airfoil II, and the dash and chained lines were for Airfoil III 
corresponding to configurations with euid without the boundary layer trip, 
respectively. The solid line shows turbulent boundary layer profiles, 
calculated by 1/7 power law. The tripped boundary layer profile 

with the turbulent boundary layer profile. The xmtripped boundcUT^ 
layers showed some differences. Prom these figures it could be con- 
cluded that boundary layer profiles are consistent and there was no 
flow separation before the trailing edge along the midspan. 

The neaur wadce measurements behind the airfoil with transducers at 
two different streamwise locations x/d * 3.3 and 10.2 and at 3 spanwise 
locations of z/s = 0, ± 0.5 were made at a speed of 26m/s and were shown 
in Figure V.22. The mean velocity profiles measured at off midspan 
locations (z/s ± 0.5) agreed with each other, but there was disagree- 
ment with the midspaui profile (z/s = 0) . ISie wake profile in the mid- 
span plan also showed asymmetric Jaehavior. The fluctuating velocity 
intensity profiles at these three measuring locations agreed. The 
difference in the mean velocity profiles could l>e caused by three- 
dimensionality of the near wake flow. 
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Similar measurements of the wake profiles of Airfoil II (i.e. with 
pressure taps ) , for both configurations with and without the bound«u:y 
layer trip, in the midspem plane, and at axial stations of 0.5, 1, 2, 
and 4 were measured. These profiles were shown in Figure V.23 and V.24 
corresponding to 24 and 34m/s respectively. The (a) and (b) of each 
figure correspond to the configurations with and without the boundary layer 
trip respectively. These profiles au:e normalized by the wake center- 
line velocity deficit and by the wake half width. 

Spanwise stations of z/s “ 0, ± 0.33 were chosen to con^are 
the wake mean velocity profiles at different spanwise locations. Normal- 
ized wake profiles with un tripped and tripped boundary layer con- 

figurations measured at speeds of 24 and 34m/s were shown in Figure V.25 
and V. 26 , respectively . The profiles of the tripped boundary layer con- 
figurations have less scatter when compared with untripped configurations. 
The boundary layer trip seems to aid the flow in gaining uniformity in 
the spanwise direction. This was also seen, as mentioned before, in 
base pressure measurements. 

V.2.3 Characteristic Vortex Shedding Frequency of the Airfoil 

A major characteristic of a body with a blunt trailing edge is 
the vortex shedding frequency of the body. The shedding of vorticity 
into the wake of a bluff body was examined in literature and some 
three-dimensionality of the shedding was shown. 

The measured shedding frequency of Airfoil I, at 2.2 euid 4.4 base 
heights behind the airfoil (Figure V.27) increased linearly with the 
velocity. The velocities plotted in the Figure and used in subsequent 
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evaluation of the Strouhal number, were not corrected for any blockage. 

Past a tunnel velocity of 30m/s, a second frequency was detected, which 
varied linearly with further Increase of the velocity. The variation 
of the frequency was Identical at both measuring locations. 

As vortex shedding from a blunt based body Is usually characterized 
by only one frequency, a possible source for the second frequency could 
be probe support rods. The measured vortex shedding frequencies of the 
hotwire support rods were shown In Table V.l along with calculated 
frequencies of these support rods with a Strouhal number of 0.2. The 
measured second frequencies of the airfoil did not correspond to any of 
these frequencies. When the amplitudes of the frequencies were taken 
Into account, the frequencies with maximum amplitude agreed (Figure V.28) 
well with the data of a clrcul 2 u: cylinder of diameter equal to the 
thickness of the blunt trailing edge. (See Section V. 3). At present, no 
eiqilanatlon can be presented cd>out the second frequency. 

Tile variation of the shedding frequency with velocity (Figure V.29) 
was shown as circles emd crosses corresponding to Airfoil II configurations 
with cuid wlhout the boundary layer trip, respectively. Both configurations 
showed linear variation of frequency with velocity. The measured frequency 
of the tripped boundary layer configuration was lower th£un measured 
frequency of the configuration with an untrlpped boundary layer. There 
was only one shedding frequency found In the wake of Airfoil II, 
cuid the measured data of the untrlpped configuration agreed with the 
data of the airfoil with transducers (Figure V.27 and Figure V.29). 
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A* a oonpariaon, ahaddlng fraquancir of a clrcuiar oyUndar (toe 
section V.3) of a diameter equal to the trailinq edqe thiokneea «aa shown 
by aquares in Figure V.29. The fr<K,u,noy of the cylinder was found to 
lie between the measured values of the two boundary layer conditions. 

A constant strouhal number could be generated with linear variation 

of the frequency with a characteristic l«,gth. shrouhal numbers evaluated 

on the basis of displacement and momentum thickness, as characteristic 

lengths for both configurations are shown in Figure V.30. it is clear 

from the figure, that the scatter in the Strouhal number tor both configur- 
ations was about 5%. 

It can be deduced that the bou.ndary layer characteristics at the 
trailing edge could affect the shedding of vortices into the wake. The 
generation of a constant strouhal number for the airfoil could depend 
on a characterisUo length of the near wake and on the base pressure. 

The characteristic frequency is measured at a velocity of 26m/s along 
the span of Airfoil l and tlie upper shear layer and at streamwise 
locations of x/d of 0.35, 3.33 and 10.2 are shown in Figure v.31(a). 

It is seen that there exists a variation in the shedding frequency in 
the spanwise direction. This variation of the frequency is symmetric 
about the centerline. There seems to exist a region about the midspan 
where the frequency did not change. The measurement of the frequency 
downstream of the upper and lower sepxraUon points at the trailing edge 
showed similar behavior as shown in Figure V. 31(b). Frequencies 
measured at different velocities and at three representative locations 
of z/s ■ 0, i 0.5 are given in Table V.2. The frequency variation did 

not Show any systematic trend, but was symmetric about the midspan of the 
airfoil. 


60 


similar measurements for the blunt trailing edge airfoil with 
pressure ti^s, for configvurations with auid without the boundary 
layer trip» are shown in Figure V.32. The tripped boundary layer con- 
figuration showed little or no variation of frequency in the spanwise 
direction* but the configuration without the boundary layer trip showed 
some variation similar to the data of the blunt trailing edge airfoil 
with transducers. The frequency variation in the spanwise direction 
could be influenced both by the model trailing edge and by the boundary 
layer on the sidewall as well as that on the surface of the airfoil. 

V.3 Some Measurements of Flow Past a Circular Cylinder 

As shown in previous sections, the blunt trailing edge airfoil showed 
characteristics of a bluff body. TO achieve some comparison with a bluff 
body flow mounted between the side plates, a circular cylinder of diameter 
(0.45cm) equal to the thickness Of the bliint trailing edge was used. 

The circular cylinder was held between the two side plates, at the 
location where the blunt trailing edge of the airfoil was located. A 
set of circular end plates of 5cm dl^uneter were also used, to ensure the 
elimination of the end plate boundary layer effect. The usage of these 
circular end plates did not chemge 2 my measured quantities as the aspect 
ratio of the cylinder (sp 2 m/diameter) with these end plates was about 50. 

As there were no provisions for chemging the eispect ratio of the air- 
foil, measurements of the cylinder with other aspect ratios were not taken. 
As the cylinder was very small, no static pressure taps could be situated 
to measure the base pressure distribution across the span. 
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The leading edge of the circular cylinder was at 33.0cm measured 

from the leading edge of the side plates. Similar to the investigations 

with the airfoil, the wind tunnel velocity was varied between 19m/s and 

46m/s corresponding to the Reynolds number based on the diameter of 
3 4 

7.1 X 10 to 1.7 X 10 . This Reynolds number region corresponds to 
subcritical flow regime for the cylinder. The wake flow in this regime 
is characterized by regular vortex shedding. The Incoming flow was 
measured at 14.5cm upstream of the circular cylinder and it was found 
that the mean euid turbulent intensity profiles were uniform in both the 
vertical and horizontal planes, confirming the uniformity of the incoming 
flow. 

The vortex shedding frequency was measured with a hotwire situated 
at the location of the maximum RMS value of the fluctuatina velocity in 
the midspan and at 1/2 diameter in y-direction from the mid-wake position. 
The hotwire data showed strong single frequency dominance corresponding to 
vortex shedding. 

Variation of the characteristic frequency (i.e. vortex shedding), 
measured by the hotwire was shown in Figure V. 33. As described in 
Section V.2.2, data with the boiindary layer trip configuration of the 
truncated airfoil with pressure, and data of truncated airfoil with 
tremsducers were also shown in the figure. Aie measured shedding fre- 
quency of the cylinder is consistently above the measured data of 
Airfoil II with tripped boundary layer configxiration. as the frequency 
varied linearly with velocity, a constant Strouhal number could 
represent the cheiracteristic frequency. The Strouhal number based on 
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the diameter of the cylinder was evaluated by the relation 


St - ^ - 0.22 
00 

The Strouhal number was higher as velocity was not corrected 
for blockage. With the velocity corrected for blockage, the cor- 
rected Strouhal number becomes 0.2, which is equal to the generally 
used Strouhal number for a circular cylinder in the subcritical flow 
region. 

Next, the spanwise variation of the vortex shedding with emd with- 
out the small circular endplates was investigated. With or without these 
endplates the vortex shedding frequency at the center of the cylinder 
span varied within ± 5Hz, which is witl/.i the tolerence of the spectrum 
analyzer. The measured shedding frequency in the spanwise direction, 
with and without the small endplates, was shown in TeUale V.3. These 
measurements were made at x/d - 2.5 and y/d - 0.5 from the center line 
of the wake. As could be seen, the frequency distribution in the span- 
wise direction with and without the small endplates was similar and the 
variation was symmetric for both conf igiurations . The frequency increased 
towards the endplates for the configurations at a speed of 43m/s but at 
a lower speed, the variation was within the error of the spectrum analyzer. 

V.4 Acoustic Features of the Blunt Trailing Edge Airfoil 

The vortex shedding from the blunt trailing edge airfoil is accompanied 
by acoustic radiation. Such radiation from an airfoil in the tunnes is likely 
to be influenced by the resounances of the enclosure. Section III showed 
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the tunnel duct pressure inodes calculated for both eiqpty test 
section euid test section with sldeplates. Because of the through flow 
of the tunnel, different tunnel modes became In^rtant. In this sec- 
tion, some features of the acoustic measurement In near and farfleld 
are discussed. 

A 1.25cm B & K microphone, without a nose cone, was mounted on a 
tripod outside the tunnel test section at the ventlllatlon gap at 2.0cm 
from the walls of the tunnel. A 0.638cm B & K microphone with a nose 
cone and a prean^llfler was mounted on the traversing mechanism to measure 
the directivity of the near field In the mid- span plane In the test 
section. Each microphone was used with the hotwire situated at the 
meucimum rms value of u' , i.e.. In the upper sheeu: layer, to Identify 
the vortex shedding frequency. 

No neurrow band acoustic radiation from the airfoil with smooth 
trailing edge was found. Indicating that there was no discrete vortex 
shedding from the airfoil irtiich was confirmed by hotwire data (Section 
V.l). Ihus, no acoustic measurements for smooth trailing edge airfoil 
will be presented. Only the acoustic data of the blunt trailing edge 
airfoil are discussed. 

During the course of the eiqierlmental Investigation, audlable tones, 
possibly due to the tunnel resonances, could be heard. From these audible 

tones, the tunnel resonances could be divided into different regions as 

shown In Figure V.34. The shedding frequency of the airfoil with trans- 
ducers is shown in the figure to depict the frequency trend. 
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Next* the characteristic frequency of the airfoil with tripped 
boundary layer measured with hotwire and microphone were shown in 
Figure V.35. The shedding frequency of the blunt trailing edge air- 
foil with pressure taps (with the boundary layer trip) measured by the 
microphone agreed fairly well with hotwire data« shown in the figure. 
Typical hotwire and microphone narrow band frequency spectra with no 
audiable tone, corresponding to a velocity of 34m/a were given in 
Figure V.36. The dash line in Figure V.3d(a) was the cross-correlation 
spectrum between the hotwire and microphone. Though the low frequency 
noise was dominant, the cross-correlation spectrum showed the presence 
of the vortex shedding frequency. Figure V.37 showed the hotwire and 
microphone spectrums, «dien there was a strong resonance in the tunnel 
corresponding to a velocity of 24m/s. Both hotwire and microphone data 
show strong narrow band signals at the vortex shedding frequency. 

The microphone measured frequency data for Airfoil IZ and 
Airfoil 1 without the boundary layer trip did show similar 
behavior as shown in Figure V.36. Some of the frequencies as measured by 
the microphone, for the airfoil with untripped boundary layer 
did not agree with hotwire data. This is also shown in the 
figure. The spectral densities of the hotwire and microphone at a 
velocity of 24m/s with strong tunnel resonance was shown in Figure V.39. 
The vortex shedding frequency was evident in both spectrums. 

Spectral densities at a velocity of 34m/s, where no distinct audiable 
noise was present, are given in Figure V.40. Again the microphone 
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data was doodnatad by low fraquancy tioisa and tha croas-apactral dansi~ 
tias showad tha vortax shadding fraquancy. Typical 1/3 octava band 
apactrum for both casaa of tha boundary layar conditions 
at 33n/s wara shown in Figura V.41 anphasizing tha low fraquancy noisa. 

Tha faatura that naads to ba anphasizad was that tha charactaristic 
fraquancy of tha airfoil could bo axtracted with cross-spactral dansity 
of the hotwire and microphone. 

Tha directivity pattern of tha near field acoustic pressure of tha 
blunt trailing edge airfoil was measured downstream of tha trailing edge 
at a radial distance (R) of 2cm. The directivity pattern at speeds of 
26m/s and 34m/s of tlia configuration with boundeury layar trip and without 
boundary layar trip of Airfoil IX wara shown, respectively, in Figviras 
V.42 and V.43. The circles and triangles wara for the configuration with 
tha boundary layar trip and without tha boundary layar trip, respectively, 
as shown in the figures. 

Tha data showed strong radiation at small angles to the chord line 
of tha airfoil with a pressure peak downstroam of tha trailing edge as 
shown in the figura. Tha directivity pattern showad tha prafaranca of 
radiation in upstream and downstream direction, as seen in tha Lobe pattern. 
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VI CONCLUDING RBMMKS 


In this invsstlgation, the main faaturas of the structure of 
the flow around a blunt trailing edge airfoil fixed in an initially 
uniform speed are examined experimentally. Of special concern are 
the characteristics such as mean surface pressure distribution « 
nature of the boundary layer near the trailing edge, and the velocity 
profiles in the near wake. In addition, certain unsteady features of 
the flow are also investigated. Specifically, the vortex shedding and 
surface pressure fluctuations in the case of the blunt trailing edge 
airfoil are investigated. Main observations and inplications are 
siunmarized in the following. 

Fran the investigations of a smooth trailing edge airfoJl in a 
uniform flow, the following results and features were found. 

a) The velocity field of the incoming flow onto the airfoil was 
found to have uniformity in both mean velocity profile and 
turbulence intensity prollle. 

b) The measured chordwise static pressure distribution on the 
airfoil, along the midspan plane, agreed with the theoretical 
results calculated on the basis of the potential flow for 
that airfoil. 

c) Boundary layer profiles measured in the midspan plane, behind 
the maximum thickness of the airfoil showed no separation of the 
flow. 

d) Spanwise distrilnition of the measured static pressure on the 
upper surface of the airfoil showed uniformity for both config- 
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urations with and without the boundary layer trip. This 
uniformity of pressure distribution and separation indicates 
that the flow on the airfoil was uniform and two-dimensional 
in character. 

e) Mean curid fluctuating velocity profiles in the near wake along 
the midspeui plane exhibit well known observed features. 

On the basis of the above, the flow past a smooth trailing edge 
eurfoil ccui be regarded as essenticilly two-dimensional. 

Investigations of the flow around the blunt trailing edge airfoil 
showed the following features of the flow field. 

a) The flow ahead of the airfoil is again nn-ifrtnn as in the case 
of a smooth trailing edge airfoil. 

b) The chordwise distribution of the static pressure is unaffected 
by the tripping of the boundary layer. When the chordwise 
distribution is compared with that for a smooth trailing edge 
airfoil, agreement was good, except at the vicinity of the 
trailing edge. 

c) The boundary layer profiles in the midspan plcuie showed no 
sepciration as in the case of the smooth trailing edge airfoil. 
Separation occurs at the trailing edge resulting in vortex 
shedding. 

d) The spcuiwise distribution of the static pressure with tripped 
boundary layer, was found to be uniform on the upper surface of 
the airfoil. But the speuiwise distribution of the static pressure 
for an untripped boundary layer configuration was found to be 
nonuniform as the trailing edge was approached. 
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e) The base pressure distribution was not uniform in the span- 
wise direction for either of the configurations (tripped or 
untripped) of the airfoil. The variations were more pronounced 
in the case of the untripped boundcury layer. 

f) Although siffiiliarity is observed for the wake profiles in the 
case of the tripped boundary layer, it is not apparent in the 
case of the untripped bound£u:y layer. 

Observations of the unsteady aspects of the flow indicate the 
following results. 

a) No discrete frequency fluctuations are observed in the WcUce 
of the smooth trailing edge airfoil. 

b) Vortex shedding occurs behind blunt trailing edge airfoils. 

This is identified from the spectra of the signals obtained 
both by the hotwire in the weUce and by the surface pressure 
transducers . 

c) The characteristic vortex shedding frequency varied linearly 
with velocity. The values of the shedding frequency in the case 
of the tripped boundary layer were lower than those in the case 
of the untripped boundary layer. The Strouhal numbers based on 
the base height are 0.21 to 0.22. 

d) The shedding frequency of a circular cylinder, of diameter 
equal to the thickness of the airfoil trailing edge, was found 

4 

to lie between the frequencies measured in the cases of the 
tripped and un tripped boundary layer configurations. 

e) Although certain spanwise variation in the vortex shedding 
frequency was observed in the case of the untripped boundcury 
layer, such vciriation was not discernable in the case of the 
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tripped boundary layer. 

£) Although the intensity (RMS) of the base fluctuating pressure 
showed negligable variation in the spanwise direction, cross- 
correlations indicate spemwise phase variation in the base 
pressure. This is likely to result from the waviness of the 
vortex sheet shed from the trailing edge or due to the oblique 
vortex shedding. 

present studies, although they have yielded more insight into the 
flow around the blunt trailing edge than is presently available, they are 
inadequate in furnishing a detailed picture of the flow sturcture. 

Further studies along the following lines need to be undertaken. Appropriate 
visualization studies of the discrete structure of the flow, both in the 
streamwise and spanwise directions; detailed survey of the fluctuating 
surface pressure field and their statistical characteristics; spanwise 
correlations of the fluctuating velocity in the region of the trailing 
edge and the near wake. 
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1 5 10 .50 100 

Re X 10^ 
c 


Figure II. 1 Strouhal Number of 2-Dimensional Body with Blunt Trailing Edge 
(Bauer (1961) Of t/c = 0.21; Nash (1963) o, t/c = 0.1; 

Parker (1966) x, t/c = 0.021; + , t/c - 0.031; 

Bearman (1967)0 , t/c = 0.166; Ghram (1969) 0» t/c = 0.667; 
Lawrence and Lindley (1974) • , t/c - 0.039; Ar t/c = 0.035; 
and ■, t/c = 0.027; Davis (1975) A, t/c = 0.024) 
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Figure III.l Blunt Trailing Edge Airfoil with Transducers (Airfoil I) 
(NACA 64A010 profile, truncated at 85% of true chord; 
all dimensions are in cm. ) 
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Data from the 
Pressure Transducers 
or 

the Hotwire 


t 


Figure III. 2 


Data Reduction System for the Experiments 
(data path for the initial investigations, 
data path for the subsequent investigatior 





73 











a) Kid Wake Position 


b) Behind the Hoper Separation point 


Figure III. 3 Real Time Signals of Hotwire in the Wake at 0,6cm. Downstream 
of the Blunt Trailing Edge of the Airfoil I 
(vertical axis l.OV/cm; horizontal axis 0.2ms/cm.) 
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a) Transducer near the Leading Edge 
( Transducer #1 ) 



b) Transducer near the Trailing Edge 
( Transducer #7 ) 


Figure III. 4 Real Time Signals of the Pressure Transducers 
on the Surface of the Blunt Trailing Edqe 
Airfoil I ^ 

(vertical axis l.Ov/cm; horizontal axis 0.2ms/cm) 
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C) Transducer in the Blunt Trailinq Edge 
( Transducer #12 ) 

Fiqure III. 4 (continued) 
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Figure III. 6 Auto Power Spectral Density of the Hot' 
Signal in the Mid Wake Position and at 
Down, stream of the Blunt T^ail^cg Edge 



$(£) - (dB) 



n,ure XIX., 

leoaration Point of the Blunt TreilinB M9* 
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b) Tran 

Figure III. 8 (continui 
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c) Transducer #7 


Figure III. 8 (continued) 



*(f) - (dB) 



0.1 1.0 10.0 

f -(k.Hz) 

Transducer #12 


Figure III. a Auto Power Spectral Density of the Signal from 
the Transducer in the Blunt Trailing Edge 
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0.1 1.0 10.0 

£ -(k.Hz) 


a) Transducer #1 


Figure III. 10 Auto Power Spectral Density of the Signal from 
the Transducer Near the Leading Edge 


85 



9(f) - (dB) 



0-1 1.0 10.0 

f - (k.Hz) 

b) Transducer #2 


Fiqure III. 10 (continued) 
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Fiaure III. 11 Variation of the Shedding Frequency of 
the Airfoil I with Velocity 
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Figure III. 13 Variation of the Base Pressure of the Truncated Airfoil with 
Transducers (Airfoil I) with Velocity 

( o r pressure tap #11 ; A, pressure tap #12 ? O, pressure tap #13) 
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Figure III. 15 Near Wake Profile of the RMS Value of the 
Fluctuating Velocity measured at 0.6cm. 
Down Stream of the Blunt Trailing Edge 
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Figure III. 16 


Cross- Correlation of the Filtered Pressure Signal from 
Transducers #11 and #12, in the Blunt Trailing Edge 
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Figure IV. 3 Blunt Trailing Edae Airfoil with Static Pressure taps 

( Airfoil II ) 


b) Close View of the Trailing Edge 
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Figure IV. 4 Airfoil Model Held Between the 
End Plates and in the Tunnel 
(all dimensions are in cm. ) 


! 

I 
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(u' r/U 


a) U = 32nv/s 


Figure IV. 5 


Profiles of the Mean Velocity and RMS Fluctuating Velocity in the mid 
vertical plane for empty test section. 

(distance from the upstream edge of the test section: 16.7cm , o ? 
36.2cm , A ; 46.2cm , □ ) 
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Haure IV. 6 Mean Velocity and RMS Fluctuating Velocity in the Mid Horizontal Plane 

with empty test section , ^ a.u« *.est section : 16.7cm r O • 

(distance from the upscx^am edge the test section 










Sound Pressure Level (dB) 



f -(Hz) 


a) No Flow 

Figure IV. 8 Measured 1/3 Octave Band Acoustic Spectruir at th»* (Center of the Empty 

Test Section 
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qpeed 32m/s 





(u*2)Vu 


U/U 
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Figure IV. 10 Profiles of. Mean Velocity and RMS of Fluctuating Velocity 
in the Vertical Plane, With End Plates in the Test Section 
(distance from Upstream edge of test section ; 

at 31.0cm : — O , 24m/s; —C > — , 48m/s ; 

at 42.0cm : — -O- — » 24m/s; — ^ , 48m/s ) 





Figure IV. 11 Profiles of Mean Velocity and RMS of Fluctuating Velocity 
in a Horizontal Plane , with End Plates in Test Section 
( arrows mark the position of the end plates in the test 
section; distance from upstream edge of the test section; 

at 31.0cm ; — O , 24m/s ; — ^ , 48m/s 

at 41.5cm : - -q- — , 24m/s j ^ 48m/s ) 
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Sound Pressure Level -(dB) 



f -(Hz) 


Figure IV. 12 Measured 1/3 Octave Band Acoustic Spectrum at the Center of the Test 
Section, with End Plates and at a Velocity of 24m/s 
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a) View of the model in tunnel 



b) Close up view of the airfoil model 


Fiqure V. 1 Airfoil Model in the 45.7 x 45.7cm Tunnel 


1 
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Figure V.2 Velocity Profiles Measured at 6cm Upstream of the Leading 
Edge of the Airfoil Model at a Velocity of 26m/s 
( measuring position corresponds to 32.6cro from the up- 
stream edge of the test section; arrows mark the position 
of the end plates ; in the vertical plane,— o—? in the 
horizontal plane, A — ) 
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Cp 



a) U = 2Am/s 

flO 


Figure V.3 Chordwise Distribution of Static Pressure of 
Smooth Trailing Edge Airfoil ( Airfoil III ) 
along the Mid Span 

( without the boundary layer trip, X ; 
with the boundary layer trip ,0 ) 
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a) = 24nv^s 


Figure V.4 Comparison of Corrected Static Pressure 
Distribution of the Smooth Trailing Edge 
Airfoil along the Mid Span with the 
Theoretical Distribution 
( without the boundary layer trip, X ; 
with the boundary layer trip ,0 ; 
theoretical curve ( Abbott, 1959), — ) 
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Figure V.5 Spanwise Distribution of the Static Pressure 
of the Smooth Trailing Edge Airfoil 

( without the boundary layer trip , ; 

with the boundary layer trip , ; 

at x/c » 0.42 , ; at x/c = 0.55 , o ? 

at x/c = 0.68 , □ ; at x/c = 0.82 , O ) 
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a) x/c ■ 0.55 


b) x/c - 0.68 


c) x/c “ 0.82 


Figure V.6 Boundary Layer Profiles on the Smooth Trailing Edge Airfoil along the 

MidSpah at Velocity of 45m/s 

( Without the boundary layer trip , 1 with the boundary layer trip ) 












0.2 


0.8 


1.0 


Figure V. 


00 


7 Comparison of the Boundary Layer 
Profiles 'at x/c ■ 0.82 
( without the boundary layer trip 
configurat^n : 

Re^ « 4.8 X 10®, 

® 5 

Re^ - 2.5 X 10 , o— • 

from .yiCA TN-2235 for a NACA64a010 profile 
at Re^- 4.1 X 10® , at 0.8C, ) 
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1.0 2.0 


a) Without the Boundary Layer l^ip 


Figure V.8 Measured Wake Profiles Behind the Airfoil 
with Smooth Trailing Edge along the Mid 
Span at Velocity ot' 45m/s 
( at x/c » 0.033 , O i at x/c » 0.133 , □ ; 
at x/c » 0.266 , O ) 
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V/b 

b) With Boundary Layer 'Drip 
Figure V.8 (continued) 
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x/c 

b) with the boundary layer trip 


Figure V.9 Chordwise Static Pressure Distribution for 
Blunt Trailing Edge Airfoil with Pressure 
Taps in the Mid Span 

{ at velocity of 24m/s , O * 33m/8 # Q ; 
and at 44m/s , x ) 
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b) with the bourd 2 u:y layer trip 


Figure V.IO Comparison of the Chordwise Distribution 
of Static Pressure in the Midspan and at 
Velocity of 24m/s 

( arrow marks the position of the blunt 
trailing edge; C : chord of untruncated 
airfoil, ; 

for smooth trailing edge airfoil , O ; 
for blunt trailing edge airfoil , □ ) 
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b) at 24irv/s 


Figure V. 11 Spanwise Static Pressure Distribution for the Blunt 
Trailing Edge Airfoil with Boundary Layer Trip 

( at x/c = 0.46/^; at x/c = 0.65,0; at x/c = 0.77,0 
; and at x/c = 0.92, O ) 
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Cp 



-1.0 -0.5 0 0.5 1.0 

z/s 


a) at 33ta/s 



-1.0 -0.5 0 0.5 1.0 

Z/s 

b) at 24nv/s 


Figure V.12 Spanwise Static Pressure Distribution Over the Blunt 
Trailing Edge Airfoil ^ Without the Boundary 
Layer Trip 

( at x/c = 0 . 46 , d; at x/c * 0.65, O; at x/c = 0.77,0 
; and at x/c * 0.92, O ) 
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a) variation with velocity 

(X, #10 ; 0, #11 ; □, #12 ; L, #13) 

Figure V.13 Base Pressure Distribution for the Airfoil with 
Pressure Transducers 






-0.46 



Figure V.14 


f Rase Pressure with the Velocity 

elge with transducers , □ 

biSHt traiiini ed|e airfoil with pressure taps i 
iithout the boundary layer trip configuration, O 
with the boundary layer trip configuration , A 
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-0.44 



Figure V.15 Variation of Base Pressure in the Spanwise Direction for 

the Blunt Trailing Edge Airfoil with Pressure taps. Without 
the Boundary Layer Trip 

( at velocity of 19.7m/s, O ; at velocity of 24m/s, A y 
at velocity of 34m/s , □ ; and at velocity of 43 m/s, O ) 


128 




Figure V.16 Variation of Base Pressure in the Spanwise Direction for 
the Blunt Trailing Edge Airfoil with Pressure Taps, With 
the Boundary Layer Trip 

( at velocity of 21in/s , o ; at velocity of 25m/s , a, ; 
at velocity of 34m/s , □ ; and at velocity of 43m/s , O ) 















Figure V.20 Comparison, of Boundary Layer Profiles 
of Blunt bailing Edge Airfoils With Un 
tripped Boundary Layer at x/c of 0.99 
and velocity of 24n»/s 
( airfoil \fith transducers , — — ; 
airfoil with pressure taps ; 
Blausius boundary layer profile^ — 
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1.0 



Figure V.21 Comparison of the Boundary Layer Profiles 
for the Airfoils with Pressure Taps, at a 
Velocity of 45m/s 

blunt trailing adga airfoil at x/c " 0.98 : 
without the boundary layer trip , — Q — | 
with the boundary layer trip . ; 

smooth trailing edge airfoil at x/c ■ 0.85 : 
without the boundary layer trip , • . . ; 

with the boundary layer trip , — ; 

turbulent boundary layer profille, 

(with 1/7 power law) 

The chord wise distance was normalized with 
rrspective airfoil chords. 
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Figure V.22 Wake Profiles Behind the Truncated Airfoil with Transducers at a 

Velocity of 26m/s and at x/d of 3.3 -/a = n 5 O • at z/s 

( at spanwise position of z/s = 0.0, x ; at z/s 0. ,0 , 

= -0.5. n ) 








1.0 2.0 

Y/b 


a) with the boundary layer trip 



1.0 2.0 

Y/b 


b) without the boundeury layer trip 


Figure V.23 Wake Profiles of the Truncated Airfoil with 
Pressure Taps along the Midspan at Velocity 
of 24m/s 

( at a position of x/d » 0.5, ® ; at x/d ■= 1.0, ; 

at x/d * 2.0, □ ; at x/d = 4.0, A ) 
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b) without the boundary layer trip 
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Figure V.26 Wake Profiles of the Airfoil i 
at x/d of 2.0 and at Velocity 
( at spanwise position of z/s 









Figure V.27 


Characteristic Vortex Shedding Frequency of the Truncated 
Airfoil with Transducers at different Velocities 
( at streamwise position of x/d = 2.2, O ; at x/d =44 







Figure V.28 


Comparison of the Shedding Frequency between the Truncated 
Airfoil with Transducers and a Circular Cylinder 
(blunt trailing edge airfoil with transducers ; 
primary frequency, x ; secondary frequency, 9 ; 
circular cylinder measurements, □ ) 






Figure V.29 Variation of the Vortex Shedding Frequency with Velocity 
( truncated airfoil with pressure taps ; 

without the boundary layer trip configuration , 
with the boundary layer trip configuration , 
circular cylinder measurements , □ ) 
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Re^ X 10^ 


Figure V.30 Comparison of the SCrouhal Number 

r (St'* fd/U — with the boundary layer trip, ° 

; without -boundary layer trip, o 

St = with the boundary layer trip, -k- 

; without boundary layer trip, x 

f (d+29 ) with the boundary layer trip, a 
U ; without boundary layer trip, v ) 
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Frequency (k.Hz.) h* Shedding Frequency (k.Hz. 



jure V.31.a Variation of Shedding Frequency in the Spanwise 
Direction of the Truncated Airfoil with Trans- 
ducers, at a velocity of 26m/s 
( at streamwise position of x/d = 0.35, ^ ; 

at x/d = 3.3, O ; at x/d = 4.6, □ ) 



Figure V.31.b Variation of Shedding Frequency of Truncated 

Airfoil with Transducers at x/d of 3.33 and at 
a velocity of 26m/s 
( behind upper separation point , O ; 
behind lower separation point , q ) 
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Figure V.32 Variation of Shedding Frequency in the Spanwise Direc- 
tion of the Truncated Airfoil with Pressure Taps, at 
x/d = 2.0 for various Velocities 

( without the boundary layer trip configuration, ; 

with the boundary layer trip configuration , — — 

at a tunnel flow velocity of 26m/8 , O ; 
at 34m/s, A ; and at 44m/s , □ ) 
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Figure V.33 Characteristic Vortex Shedding Frequency pf a Circular 
Cylinder at different Velocities 

( measurements behind a circular cylinder , diameter 
equal to the thickness of the blunt trailing edge ,□ ; 
truncated airfoil with transducers , x 
truncated airfoil with pressure taps and tripped 
boundary layer configuration O , ) 
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Figure V«34 Resonance characteristic of the tunnel- jaeasured 
with the truncated airfoil 
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Figure V. 35 Frequency Measurements of the Truncated Airfoil 
with Pressure Taps for Tripped Boundary Layer 
Configuration 

( measurement at streamwise station of x/d • 2.0 
and hotwire probe , x ; measurement by microphone 
placed outside the test section , A ) 



S(f) S(f) 



a) Auto spectral density of Hotwire signal, 

Cross spectral density of Hotwire and microphone signals. 



f-(k.Hz) 

b) Auto spectral density of microphone signal, 


Figure V. 36 Measured Power Spectral Density foj; Tripped Boundary Layer 

Configuration of the Blunt Trailing Edge Airfoil with Pressure 
Taps at a Velocity of 34m/s 
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2.W f-(k.Hz) 


a) Auto spectral density of Hotwire signal, , 

Cross spectral density of Hotwire €uid microphone signal 


f-(k.Hz) 

b) Auto spectral density of microphone signal, 

Figure V.37 Measured Power Spectral Density Tripped Boundary Layer 

Configuration of for the Truncated Airfoil with Pressure Taps 
at a Velocity of 24m/s 
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Figure V.38 Characteristic Vortex Shedding Frequency Measurements of the Trun- 
cated Airfoil with Untripped Boundary Layer 
( truncated airfoil with transducers : 

from hotwire measurements , X ; from microphone measurements, o ? 
truncated airfoil with pressure taps : 

from hotwire measurements , ^ ; from microphone measurements, y ) 
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S(f) S(f) 



0 2.0 4.0 

f-(k.Hz) 

b) Auto spectral density of microphone signal, 


Figure V.39 Measured Power Spectral Density of the Untripped Boundary Layer 

for the Truncated Airfoil with Pressure Taps at Velocity of 24m/s 
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Figure V. 38 characteristic V°rtex shedding Frequency Heasurem of the Trun- 

^ cated Airfoil with Untripped Boundary Layer 

‘ |'rhrtei?i'n«L«Sen^r?%"“?"?ro4 Microphone neasureMents , o ; 
IJSrhotwire’'M«LrimL?r!4” “?L'n,icrophone Measurements, V ) 





a) Auto spectral density of hotwire signal 

Cross spectral density of hotwire and microphone signal. 



■ b) Auto spectral density of microphone signal, 

i Figure V. 39 Measured Power Spectral Density of the Untripped Boundary Layer 

fr for the Truncated Airfoil with Pressure Taps at Velocity of 24m/s 
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f- (k.Hz) 


Auto spectral density of Hotwire signal, 

Cross spectral density of Hotwire emd microphone signals 


f- (k.Hz) 

b) Auto Spectral density of microphone signal, 


Figure V.40 Measured Power Spectral Density of the Untripped boundary 
layer for the Truncated Airfoil with Pressure Taps at 
Velocity of 34m/s 




Sound Pressure Level - (dB) 


V ' < -wrr * 



Figure V.41 1/3 Octave Band Spectrum from ■■Microphone outside the Tunnel for the Truncated 

Airfoil with Pressure Taps at Velocity of 33m/s 
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b) with the boundary layer trip 


Figure V.41 (continued) 
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Sound Pressure Level (dB) 


Fj.aure V.42 Near Pieid Pressure Directivity ’^'attern for the Blunt Trailing 
Edge Airfoil with Pressure Taps at a Velocity of 26m/s and at 
a distance of R = 2 . Octn 
(without boundary layer trip ~ ^ , f = 1420 ; 
with boundeury layer trip - A, f = 1060 ) 







(without boundary layer trip - o « _ mon 
with boundary layer trip - A , f . IJJq I 
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Table III.l 


Intensities of the Fluctuating Pressure Signal 
as Measured by the Transducers 


upstream Distance from Transducer 
the cm« No* 


0.0 11 

0. 0 12 

0.25 8 

0.508 7 

0.758 5 

1.0 4 


10.24 

10.63 

11*033 


The RKS Value of the 
Fluctuating Pressure 

N/sq. m. db 

0.0284 59.83 

0.0275 59.58 

0.0313 60.66 

0.0175 56.55 

0.0134 53.38 

0.0095 50.33 

0.0275 59.58 

0.0129 52.97 

0.0044 43.79 


Table III. 2 


Phase Speeds and Angles from the 
Oblique Wave Model 


Transducer No. 

4, 5, 8 

4, 5, 7 

5, 7. 8 


Angle (6) 

10.42 deg 
-65.93 deg 
89.98 deg 


Phase Speed a 

-257 m/» 
-11.7 m/s 
-6.74 m/s 


160 


Table IV. I 


Blade Passing Frequencies of the 
Tunnel Drive Fan 


Hormonlc Frequency 

number (Hz.) 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


306.7 

613.3 

920.0 

1226.7 

1533.3 

1840.0 

2146.7 

2453.3 

2760.0 

3066.7 


Table IV. 2 

Duct Mode Frequencies for the 

45.7 X 45.7cm Tunnel 


m/n 

0 

1 

2 

0 

0 

376.3 

752.7 

1 

376.3 

532.2 

841.5 

2 

752.7 

841.5 

1064.5 

3 

1129.1 

1190.1 

1357 

4 

ISOS 

1551.8 

1683.1 

S 

1881.8 

1919.1 

2026.8 

6 

2258.2 

2289.3 

2380.3 

7 

2634.2 

2661.3 

2739.9 

8 

3010.9 

3034.4 

3103.6 

9 

3387.3 

3408.1 

3469.9 


3 

4 

5 

1129.1 

1505.5 

1881.8 

1190.1 

1551.8 

1919. 1 

1357 

1683 

2026.8 

1596.0 

1881.8 

2194.6 

1881.8 

2139. 

2409.9 

2194.6 

2409.9 

2661.3 

2524.7 

2714. 

2939.5 

2866.3 

3034.4 

3237.6 

3215.7 

3366.3 

3550.6 

3570.5 

3706.8 

3874.9 
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Table IV* 3 


Static Temparature Rise in the Tunnel Flow 


Speed 

a»/s 

^ (start) 
®C 

^(end) 

®C 

Period of : 
minutes 

18.7 

19.7 

22.4 

45 

32 

20.3 

24.1 

60 

47.6 

2U.3 

29.7 

50 

!6 

28.2 

33.0 

45 


Table IV. 4 


Duct Node Frequencies for the 
25*0 X 45.7cm Tunnel 


m/n 

0 

1 

2 

0 

0 

688 

1376 

1 

376.4 

784.2 

1426.5 

2 

752.7 

1019.7 

1568.4 

3 

1129 

1322 

1779.9 

4 

1505 

1655.2 

2039.6 

5 

1881.1 

2003 

2331 

6 

2298 

2360.7 

2644.4 

7 

2634.6 

2772.9 

2972.3 

8 

3010.9 

2088. 5 

3310.5 

9 

3387 

3456.5 

3656.1 


3 

4 

5 

2064 

2752 

3440 

2098 

2777.6 

3460.5 

2196.9 

2853 

3521 

2352.7 

2974.6 

3620. 5 

2554.7 

3136.8 

3755 

2793 

3333.9 

3921 

3059.4 

3559.9 

4114.9 

3346.8 

3809.8 

4332.9 

2605.5 

4079.1 

4571.6 

3966.6 

4364. 3 

4827.7 


Table V. 1 


Shedding Frequencies of the Hotwire Support Rods 

Velocity Top Support Rod Bottom Support Rod 

( d = 0.9525cm ) ( d = 0.635cm ) 


(m/s) 

measured 

(Hz) 

calculated 

(HZ) 

measxired 

(Hz) 

calculated 

(Hz) 

21.0 

740 

670 

458 

440 

27.5 

873 

771 

530 

514 

31.0 

1075 

976 

663 

651 

35.0 

1215 

1103 

752 

735 

40.0 

1385 

1260 

853 

840 

43.0 

1485 

1345 

903 

903 


Table V.2 

Shedding Frequency Variation Behind the Airfoil 
With Transducers in the Spanwise Direction 


Velocity 


Measured Frequency (Hz) 


(m/s) 

z/s = -0.5 

z/s = 0.0 

z/s = - 

19.0 

1050 

1050 

1050 

23.2 

1265 

1255 

1285 

26.5 

1470 

1430 

1475 

30.5 

1625 

1525 

1620 

34.0 

1775 

1775 

1800 

45.0 

2220 

2230 

2225 

48.0 

2450 

2420 

2420 


1 
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Table V.3 


Measured Shedding Frequencies Behind A 
Circular Cylinder 



Velocity 


at spemwise location of z/s 

+0.66 


(m/s) 

-0.66 

-0.33 

0.0 

+0.33 

a) 

configuration without small end plates 





24.0 

1300 

1275 

1265 

1275 

1300 


33.0 

1695 

1650 

1645 

1670 

1710 


43.0 

2100 

2050 

2040 

2050 

2100 

b) 

configuration with 

small 

end plates 





24.0 

1260 

1275 

1275 

1270 

1255 


33.0 

1670 

1645 

1635 

1645 

1670 


43.0 

2080 

2050 

2040 

2045 

2080 
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